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Abstract

Theory and Phenomenology of
CP-conserving Two-Higgs-doublet Models with Flavor-Aligned and

Four-Texture Yukawa Couplings

by

Joseph M. Connell

As our ability to probe the nature of the fundamental particles and their in-
teractions improves with increasing particle collider data, we have more compelling
reasons to explore models beyond the Standard Model (SM). Searches for new Higgs
bosons of an extended Higgs sector beyond the SM (BSM) at the Large Hadron Col-
lider (LHC) can be interpreted in the framework of the two-Higgs-doublet model.
Two-Higgs-doublet Models (2HDMs) are among the simplest extensions extensions
of the SM that yield interesting phenomenology. Understanding the pattern in which
Higgs bosons couple to fermions is important for searches for Higgs bosons beyond
the SM and flavor physics. In this dissertation, we study two specific patterns of
Yukawa couplings which are designed to provide a more general Yukawa framework
than the common Zs-symmetric models, providing access to more 2HDM parame-
ter space, while still controlling the potentially dangerous flavor changing neutral
currents (FCNCs).

The first project presented demonstrates that Zo-symmetric models are
too restrictive and experimentalists should not limit themselves to these specialized
models. Instead, we should allow experiments to determine the nature of Yukawa

couplings. In this work, we assume the Yukawa coupling matrices are flavor-diagonal
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and so proportional to the mass matrices. This model is known as the flavor-aligned
2HDM (A2HDM), of which Zy-symmetric models are a subset. To demonstrate this
paradigm shift, we devised two scenarios in which we simultaneously fit two excesses
for BSM scalars in LHC data within the A2HDM via parameter scans. We then
present a few benchmark parameter points of interest to demonstrate what channels
may reveal more information in future BSM Higgs boson searches.

In the second project, we work under the assumption that the 2HDM
Yukawa matrices are of the four-texture form, with zeros in particular entries, and
the parameters therein have a hierarchy in accordance with the fermion masses.
This structure is motivated by the Cheng-Sher-like physical Yukawa couplings that
it can produce, which enables small flavor-violating processes occur but systemati-
cally avoids current limits on FCNCs. We show that these models are phenomeno-
logically viable and recast the calculation of the physical Yukawa couplings in a
basis-independent formulation by rotating into the Higgs basis before assuming a
particular structure for the Yukawa coupling matrices. Finally, we discuss the land-
scape of flavor-violating observables’ predictions in this model, the landscape of
their measurements, and the prospect of these channels to be measured at future

high-energy particle colliders.
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Chapter 1

Introduction

After ten years of Higgs boson studies, the LHC data show no significant
deviations from the predictions of the Standard Model (SM). The phenomenological
profile of the Higgs boson resembles that of the SM with precisions approaching 10%
in some channels [1,2]. One may be left wondering whether we have reached the end
of our exploration of the theory of elementary particles and their interactions.

However, the Standard Model is known to be incomplete (e.g., it cannot
accommodate dark matter, baryogenesis, and neutrino masses, while providing no
explanation for the origin of the electroweak energy scale). Whether departures will
first be revealed at the TeV scale, perhaps in future LHC experiments, or whether
physics beyond the SM enters at a much higher energy scale remains to be seen.
Nevertheless, independently of whether the more profound questions associated with
the incompleteness of the SM can be directly addressed at the LHC, one can pose
the following pedestrian query. Given the nonminimal nature of the matter and
gauge multiplets that comprise the SM, should one also expect a nonminimal scalar
sector as well? If yes, is it possible (and perhaps even likely) that additional particles

beyond the SM not yet discovered will eventually emerge from future LHC data?
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Examples of such additional states could be new gauge bosons [implying that the
gauge group relevant for TeV scale physics is larger than SU(3)xSU(2)xU(1)], new
fermionic states (such as vectorlike quarks and leptons), new scalar states (e.g.,
an extended Higgs sector), supersymmetric partners of SM particles, or even more
exotic objects such as leptoquarks.

In this work, we focus on the possibility that the scalar sector includes
additional color singlet neutral and charged scalars beyond the SM Higgs boson. It
is certainly an important experimental question to ask whether such states exist in
a mass range accessible to the LHC. Indeed, the ATLAS and CMS Collaborations
have performed numerous searches for such new scalar states using the Run 1 and
Run 2 data sets, and such searches will continue and will be expanded during Run 3
and beyond.

So far, no definitive signals of new scalar states have been announced.
From time to time, small excesses of events emerge in some search channels, as
one would expect based on fluctuations of data from the size of the data samples.
Nevertheless, if new scalar states do exist in Nature in a range that can be probed
by the LHC, then the initial signal of these states will often resemble the excesses
due to expected fluctuations in the data. Of course, increasing the size of the data
samples as more data is collected will reveal which of these two possibilities is the
correct interpretation.

In searching for evidence for new scalar states, one often is required to make
model assumptions in developing the search strategies and in interpreting the results.
The more specific the model assumptions are, the less flexible the data analysis. On
the other hand, the more generic the model, the more difficult it is to focus on

specific experimental signatures. In proposing searches for extended Higgs sector
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phenomena, we find it convenient to focus on the two Higgs doublet extension of the
Standard Model (2HDM) [3|. This model possesses the main ingredients for new
phenomena that one expects in most extended Higgs sectors. These include charged
scalars, CP-odd scalars (if the neutral scalar sector is CP-conserving) or neutral
scalars of indefinite CP (if the scalar sector is CP-violating), and the possibility of
Higgs-mediated flavor changing neutral currents (FCNCs), which if present must be
small enough to avoid conflict with present experimental data.

The most general 2HDM adds a significant number of new parameters to
the Standard Model. Recall that the Standard Model (where neutrino masses are
zero and are not counted as separate parameters) is governed by 19 parameters,
which include three gauge couplings, ©qcp, nine quark and lepton masses, three
Cabibbo-Kobayashi-Maskawa (CKM) angles, one CKM phase, and two parameters
of the Higgs sector that can be taken to be the Higgs vacuum expectation value, v ~
246 GeV and the Higgs mass (e.g., see Ref. [?]). In the most general 2HDM, the two
Higgs sector parameters of the SM are expanded to eleven, and new Higgs-fermion
Yukawa matrix couplings arise that are in principle independent of the quark and
lepton masses. In light of Eq. , these new Yukawa matrix couplings correspond
to the six 3 x 3 hermitian matrices pg and pf (where F = U, D, E refers to the
couplings to up-type quarks, down-type quarks and charged leptons, respectively)
and yield 54 new parameters. Thus, the most general two-Higgs-doublet extension
of the SM is governed by 82 parameters!

It is not practical to devise search strategies that scan over all 82 param-
eters of the general 2HDM. Moreover, a generic point in this 82-dimensional space
would be immediately ruled out due to scalar-mediated FCNCs that can already be

experimentally ruled out. In the literature, the standard practice is to eliminate tree-
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level Higgs-mediated FCNCs by imposing an appropriate discrete symmetry [4}5].
By considering all possible symmetries of this type, one finds four classes of 2HDM
Yukawa couplings, which are called Types I, II, X and Y in the literature [6(-§].
From a purely phenomenological point of view, this assumption is too strong as it
reduces the size of the 2HDM parameter space more strictly than necessary. Indeed,
it is sufficient to simply require that the hermitian matrices pg and pf are diagonal,
as in the case of the flavor-aligned model, or roughly diagonal, as in the case of the
four-texture Yukawa coupling matrices. These are the two approaches to simplifying
the 2HDM that we will study in this dissertation.

One can reduce the number of 2HDM parameters even further by assum-
ing that pg and pf are each proportional to the 3 x 3 identity matrix (with co-
efficients, called flavor-alignment parameters, that depend on F'), which yields the
flavor-aligned 2HDM (A2HDM) [9]. Flavor-aligned extended Higgs sectors can nat-
urally arise from symmetries of ultraviolet completions of low-energy effective theo-
ries of flavor as shown in Refs. [10-13]. In such models, departures from exact flavor
alignment due to renormalization group running down to the electroweak scale are
typically small enough [14,52] to be consistent with all known experimental FCNC
bounds.

The other mechanism which can sufficiently suppress FCNCs in 2HDMs
that are more generic than the Zs-symmetric models is the Cheng-Sher Ansatz.
This is a pattern of physical Yukawa couplings in which the matrices depend on

mima2

the fermion masses like pf" ~ . Because of the hierarchy of fermion masses

ms > mg > my for up- and down-type quarks and charged leptons, the off-diagonal
flavor-violating elements are sufficiently suppressed.

Although there are theoretical arguments for favoring the stricter Types I,
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II, X and Y structures (which are renormalization group stable [16] and hence can be
realized without an artificial fine-tuning of parameters in the 82-dimensional 2HDM
parameter space), ultimately it will be experiment that will determine the structure
of the Yukawa interactions. Indeed, if potential signals of an extended Higgs sector
arise, we believe that it is prudent to employ the less restrictive A2HDM framework
in order to test the validity of the 2HDM interpretation of the data.

Likewise, one must decide whether to include new sources of CP-violation in
the 2HDM when confronting potential signals of extended Higgs sector phenomenol-
ogy. Experimental constraints exist due to the absence of evidence for an electric
dipole moment of the electron [17,/18]. In this work, we choose to assume a CP-
conserving scalar sector for simplicity to reduce the number of parameters of the
model and simplify the subsequent analysis. This is accomplished by taking the
flavor-alignment parameters to be real and demanding the existence of a Higgs basis
in which all the scalar potential parameters are real. It is quite likely that any initial
discovery of new scalars at the LHC will be insensitive to assumptions regarding pos-
sible CP-violating parameters associated with the extended Higgs sector. However,
it is certainly worth considering the phenomenological implications of scalar sector
CP violation, which we will leave for a future work.

In Chapter 2 we review the theoretical structure of the 2HDM. We explicitly
specify the parameters that govern the A2HDM or Cheng-Sher models’ parameter
space, specializing to the case where no CP-violating parameters (beyond the CKM
phase) are present. In particular, the model parameters are defined such that they
are manifestly basis-independent quantities and hence directly related to physical
observables. In Chapter 3 we discuss the most relevant constraints on 2HDMs that

will be used in Parts 2 and 3 of this dissertation.
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Chapter 2

Theoretical Background

In this chapter we introduce the mathematical framework of the Two-Higgs-
Doublet Model (2HDM). The 2HDM consists of two identical, complex, hypercharge-

one, SU(2) doublet scalar fields

¥ T
i(x) = (2@;) (2.1)

which are labeled by the Higgs flavor index ¢ € {1,2}. In a generic basis, which has
no physical significance, and is called the ®-basis, the most general renormalizable

SU(2)r, x U(1)y invariant scalar potential takes the form

V= m3 @0 + m3®ldy — [m® @y + h.cl
FAIN(@T01)2 + L (@]82)? + Ay (B]D1)(BI Do) + Ay (D] Do)(BI D))
(D1 D)% + [A(D] A7 (®105)] T Dy + h 2.2
+25(12>+[6(11>+ 7(22)]124-.0., (2.2)
where the parameters m%l, m%z, and Aj 234 are real and m%Q and A5 7 are poten-

tially complex. We assume that the parameters of the scalar potential are chosen

such that the minimum of the scalar potential respects the U(1)g,; gauge symmetry.



Then the scalar field vacuum expectation values (vevs) of these fields are of the form

v [0
(®;) = /2 (@) ) (2.3)

where v = 246 GeV and v is a complex vector of unit norm, parametrized by the

angles § and &,
v = (01, 02) = (ca, 55€%). (2.4)

Without loss of generality, v1 is chosen to be nonnegative, 0 < 8 < %77, 0 <& < 2m,
and we employ the convenient notation cg = cos(3) and sz = sin(f) throughout this
work. Note that Eq. (2.4]) defines the angle 5 which is an important quantity in the

study of 2HDMs, which will appear as

Uy
tan 8 = }@1; (2.5)

in the study of CP-conserving Zs-symmetric 2HDMs. The constant v is determined

by the Fermi constant,

v = 277;W = (V2Gp)"Y2 = 246 GeV . (2.6)

2.1 The Higgs Basis

The interaction ®-basis presented above is arbitrary and has no physical
significance. We are always free to redefine the scalar doublet fields via a unitary

transformation,
P, — UZ']'(I)]' . (2.7)

Utilizing this freedom, we create linear combinations of the ®; to create the so-called

Higgs basis fields #H; o for which the vevs are real (H#;) = (0,v/2) and vanishing
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(Ho) = (0,0), respectively. In terms of the ®-basis doublet fields, the Higgs basis

fields H; are then,

Hi = (H, 1) =0/,

Hz = ('H;_, Hg) = €inﬁ}\;¢’z’ = €in6iji]\i(1)j, (2.8)
where €10 = —€91 = 1 and €11 = €990 = 0, and there is an implicit sum over repeated

indices. The phase factor e is present because one can rephase 7—[8 while (7—[8)
remains zero, so the Higgs basis is not fully unique.

The scalar potential rewritten in terms of the Higgs basis fields defined in
Eq. takes the same form as in the ®-basis but with new coefficients Y7 2 3 and

Zl*77

V =YiHIH, + Yo HIHo + [Yae "HIHs + hoc]
+ 32 (M HL)? + 5 Z2(HH)® + Za(Hi M) (MYMa) + Za(H M) (HiHA)
+ {%Z56_2"’(H1H2)2 + [Zse (H{HL) + Zre M (HiHo) H{Ho + h-C-} :
(2.9)
where Y7 2 and Z7 2 3 4 are invariant under the basis transformation ®; — U;;®;, and

the remaining parameters transform as,
(Y3, Zg, Z7, €M — (det U)~ (Y3, Zg, Z7,€™] and Zs — (det U)2Z5. (2.10)

It follows that the Higgs basis fields H;, the scalar potential in terms of Higgs basis
fields V, and the parameters therein, are all invariant under U(2) basis transforma-

tions. The relationships,
Vi = —3Z10%, Y3 = —3 7607, (2.11)

are the minimization conditions of the scalar potential in the Higgs basis.
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2.2 Scalar Mass Eigenstates

From the scalar potential in the Higgs basis given in Eq. (along with
the minimization conditions given in Eq. ) one can identify the masses of the
neutral scalars and the corresponding eigenstates. We construct the 4 x 4 neutral
scalar mass-squared matrix in the {v/2 Re H{ — v,v/2 ImH,v/2 Re HY, v2 Im HJ}
basis, remove the massless Goldstone boson GY = 2 Im 7-[(1], and are left with a
3 x 3 mass-squared matrix that can be diagonalized to find the physical neutral

scalar masses,

Al Re(Zge ™) —Im(Zge™™)
M? =v” | Re(Zee™™) 1[Zss+Re(Zse )] +Ys  —3Im(Zse ) ,
—Im(Zge™™) —3Im(Zse~ M) L[Z3s — Re(Zse )] + Y5

(2.12)

where for brevity we defined Z34 = Z3+ Z; and Y2 = Y5/v?. The eigenvalues of M?

are the squared masses mz (where k = 1,2, 3) of the physical scalars. The squared
masses m3 do not depend on the phase angle 7.

To find the eigenvalues mi we diagonalize M? via a real orthogonal trans-

formation with unit determinant,
RM?RT = M% = diag (m?, m3, m3), (2.13)

where RRT = I. The matrix R can be found by multiplying three rotation matrices

Ris, Rq3, Rog, corresponding to subrotations parametrized by mixing angles 6o,

013, and B2,

C12 —S12 0 C13 0 —S813 1 0 0
R = RyoRi3Ro3 = | s12 c12 0 0 1 0 0 o3 —s23
0 0 1 S13 0 C13 0 5923 C23

C13C12 —C23512 — C12513523 —C12€23513 + 512523

= _ _ _ : (2.14)
C13512 C12C23 512513523 C23512513 C12523
513 C13523 C13C23
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where ¢;; = cosf;; and s;; = sinf;;. If the angles are taken to be 012 > —m,
023 < m, and |013] < 7/2, then R encompases all SO(3) rotations. A rationale of
these angle choices can be found in section 4 of Ref. [19]. In light of Eq. , M?
is independent of the scalar field basis being used, therefore the mixing angles 0;;
are basis-independent parameters.

We can parametrize the Higgs basis fields as,

HT Hy
Hi=1| 4 o o | He= L (2.15)
W(U‘F@l‘{‘lG) ﬁ(SOQ_‘_,La)

where in the general CP-violating 2HDM, the fields 4,0?72 and a all mix, producing
three CP-indefinite Higgs mass eigenstates. The charged scalar mass-eigenstates are

defined by the charged components of the Higgs basis fields,
G* =H{, H* = eFif2s9(7 (2.16)

where the charged Goldstone fields G are massless, the charged Higgs scalar masses
are given by,

mi. =Y+ %ZgUQ, (2.17)

and we have rephased the charged Higgs field for later convenience.
The physical neutral Higgs mass-eigenstates are denoted by hy (where k =

1,2,3) and can be found by rotating to the mass basis,

hi @)
e | =R o8|, (2.18)
h3 CLO
or in terms of Higgs basis fields,
h1 V2 ReH?) —v
hy | = RW H) : (2.19)
hs HY!
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k qk1 qk2

1 €12€13 —S812 — 1€12513
2 $12€13 C12 — 1512513
3 513 113

Table 2.1: The invariant quantities gg, are functions of the invariant neutral Higgs
mixing angles 615 and 613, and they are used to define the physical Higgs mass-
eigenstate fields in term of the Higgs basis fields.

where we have introduced the unitary matrix,

1 0 0
W=|o0 1/vV2 1/vV2 | . (2.20)
0 —i/\/2 i/V/?2

We choose a convention where mi < mg < mg so that m; is the lightest Higgs boson
and will have properties that approximate those of the SM Higgs boson in this work.

In terms of the Higgs basis fields, the mass-eigenstates hy are given by,

1 A
hi = gr1 (V2 ReHY — v) + ﬁ(qmgeze% +he), (2.21)

where the expressions for the g and g2 are shown in Table 2.1]

The Higgs basis fields can be expressed in terms of the mass eigenstate

fields by inverting Eq. (2.21)),

G+ H+
Hi=| 1 3 L ey = 1 2 (2.22)
— (v +iG+ Y quihi —= > qr2hg

In Eq. we conveniently rephased the charged Higgs field so that the charged
and neutral components have the same phase, which then becomes an overall phase
on Ho. This phase can be eliminated by rephasing Hy — e~ 02395, Therefore even
though 623 is an invariant parameter, it has no physical significance. Thus, without

loss of generality, we henceforth set 653 = 0.
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2.3 2HDM Yukawa Couplings

The Yukawa Lagrangian governs how the 2HDM scalar fields interact with
fermions. We begin by writing the most general Higgs-quark interaction Lagrangian
in terms of Higgs fields in a generic interaction ®-basis and interaction eigenstate
quark fields. We denote left-handed quark doublet fields by Q% = (U?, DY) and
right-handed quark singlet fields by U}% and D%, where the superscript means that
fermion field is in the interaction basis, and we will remove the superscript after
rotating to the mass basis. The left- and right-handed quark fields are defined via
the projection operators Qr 1 = Pr,1Q, where Pr = %(1 + 7).

In order to discuss Higgs-fermion interactions in a basis-independent for-
malism, we rewrite the Yukawa Lagrangian in the Higgs basis. We then obtain the
quark mass matrices by setting the Higgs fields to their vacuum expectation values.
The two resulting 3 x 3 quark mass matrices can be diagonalized via a singular
value decomposition, which also enables one to find the left- and right-handed quark
mass-eigenstate fields Ug j, and Dpg 1, where D = (d, s,b) and U = (u, ¢, t). Finally,
by expressing the Yukawa Lagrangian in terms of Higgs mass-eigenstate fields, we
can read off the physical Higgs-fermion-fermion’ couplings.

The Higgs-fermion-fermion’ interaction Yukawa Lagrangian in terms of in-

teraction eigenstate Higgs doublet fields ®; and quark interaction eigenstates is [25]
—0 = —0 —0 = —0
~ L = Q010 Uy + Qo100 DY + Q Bany CUY + QL @an T DY, + hic. (2.23)

where ®, = i09®* and 09 is the second Pauli matrix with o211 = 0222 = 0 and

0221 = —02,12 = 4. By inverting Eq. (2.8), the Higgs interaction eigenstates can be

13



written in terms of the Higgs basis fields,
O, = H1v; + How;
&; = Hi0f + Ho (2.24)
and the Yukawa Lagrangian can be rewritten in terms of the Higgs basis fields as,
~ Sy = Qu(HAT] + Haw) U, + Qy (Mot + Hathr)n{ "' DYy
+ QLHTS + Haw)n UG, + QF (HaTa + Howo)ry ' DY + hee.,  (2.25)

Next we construct invariant and pseudo-invariant Yukawa coupling matrices:

— Ok 70 MV = % 70
KOO = Gin@0, p90 = wyn? (2.26)
KQOT = 501, pQ0t = ;@ 0f (2:27)

and rewrite the Yukawa Lagrangian in terms of these invariant coupling matrices,
=0 7 ~ —0
~ L = Qp(H1r"0 + Hop" YUY + Qp(H1kP O + HopP ') DY + hoc. (2.28)

After expanding the products of Higgs doublets and quark doublets (i.e. @ﬁl and
QiOL%Z-), we arrive at the following Yukawa Lagrangian in terms of singlet interaction

eigenstate quark fields,
~ L = Uy (H) U0 + HY pUOVU, — Dy (M7 w70 + Hy p70) U,
+ UL (HT 6P+ 15 pPON DY, + Dy (HYsP + #H3pP O DY, + hc..
(2.29)

Now by inspecting the vacuum with (H{) = % and (H9) = 0, we see that the £@°
are proportional to the mass matrices Mg o, as intended in the construction of the
xk20 matrices.

We now diagonalize the quark mass matrices and express the Yukawa La-

grangian in terms of quark mass eigenstates, which also involves transforming the
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Yukawa coupling matrices p@ into the quark mass-eigenstate basis. The diagonal-
ization of the k%9 matrices, and the corresponding redefinition of the p@¥ matrices,

are accomplished via a singular value decomposition:

KIU — V[(/J/{UDVI_%]T , pU —_ VI{]IOU,OVRUT

wP = VI?RD’OVLDT , pP = VI?pD’OVLDT. (2.30)

Notice that L and R are swapped on x” and p” compared to ¥ and pY. The
diagonalization of the k9 matrices does not imply simultaneous diagonalization of

the p@0 matrices. The diagonal quark mass matrices My, p are then,

My = LKU = diag(my, me, m¢) = VLUM((}VI;]Jr

V2

Mp = %EDT = diag(mg, ms, mp) = VLDMJ%VB?T , (2.31)

and the quark interaction eigenstate fields are then transformed to the quark mass

eigenstate fields by,

U, =vyu?, Up =VH§UY

Dy, =VPDY, Dp=VEDY. (2.32)

In terms of quark mass eigenstates, diagonalized quark mass matrices, and Higgs-
quark-quark’ coupling matrices in the quark mass basis, the Yukawa Lagrangian

becomes,

— L =U (MY + 1S o) Ur — DKMy Y+ H; pV)UR

+ ULK('H;FI{DT + 'H;pDT)DR + ﬁL('H(l)KDT + ngDT)DR + h.c. (2.33)

where K is the CKM matrix defined by K = V,—f] VLD f Using Eq. 1' we can

rewrite the most general form of the Yukawa Lagrangian in terms of Higgs mass-
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eigenstate fields,

- % =—D

—

1 Dt Dt « D }
— KO+ Pr + Py, »Dh
\/§ qk1 qk2 P R TP L k
_l’_

<

{kaU + ¢to PY Pr + 1o PUTPL}Uhk

Sl

+U

—
L — |

KpPiPy — pUTKPL} DH*

+U |KsPTPp — kY KPL] DG* + h.c.}, (2.34)

where there is an implicit sum over & = 1,2,3. The matrices pV and p” are inde-
pendent basis-invariant complex 3 x 3 matrices that define the Higgs-quark Yukawa
couplings of the model. It is convenient to rewrite the pU"P matrices in terms of the
following 3 x 3 hermitian matrices that are invariant with respect to the rephasing

of the Higgs basis field Ho,

Q v -1/2, Q@ Qt -1/2 Q v -1/2, Q Q1 -1/2
— M + M, , M — M ,
PR 9v2 Q (p pe) Q Pr 9v/2i Q (p p<") Q

(2.35)

In terms of these redefinitions, the Yukawa couplings take the following form

3
1 . .
Ly = - U Z Mé/Q{le]l + Re(qr2) [Pk + 17507 | +Im(awz) (7 — iv507) }Mll/QUhk
k=1

3
11— 1/2 . ) 1/2
+-DYy M {le]l +Re(qr2) [pR — iv50P] + Im(gra) [pF + iv50R) }MD/ Dhy,

k=1
\/§ 7 1/2, D . D 1/2 1/2, U .U 1/2 +
+—- U[KMg~(pg —ipf )Mp Pr— M/ (pg —ip; )M/ "KPL|DH
—|—h.c.}, (2.36)

where 1 is the 3 x 3 identity matrix. The Yukawa Lagrangians above, Eq. (2.34)
and Eq. (2.36]), can be generalized to include leptons simply by replacing D — E =

(e,p,7) and U = N = (ve, vy, V7), and using,

v .
Mg = E&ET = diag(me , my, ms), My =0 (2.37)
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since neutrinos are massless in the 2HDM. Therefore, from now on, instead of ) we
will include leptons and use the label F'=U, D, E.

The unconstrained hermitian 3 x 3 Yukawa matrices pg’ ; in Eq.
imply the existence of potentially dangerous flavor-changing neutral Higgs—quark
and Higgs—lepton interactions, known as Higgs-mediated flavor changing neutral
currents (FCNCs). If the pgy ; have off-diagonal elements that are not suppressed,
they can produce sizable Higgs-mediated FCNCs at tree-level that are not observed
in Nature, and hence unviable models. Therefore, we are interested in models with

some mechanism in place to control and suppress tree-level Higgs-mediated FCNCs.

2.4 Zo-symmetric 2HDMs

To accommodate the non-observation of tree-level Higgs-mediated FCNCs,
one must suppress off-diagonal terms of the Higgs-fermion coupling matrices in the
Yukawa Lagrangian of the 2HDM. This is normally accomplished by imposing a
Zo symmetry on the dimension-4 terms of the Higgs Lagrangian expressed in the
®-basis. The Zs symmetry entails a discrete transformation ¢ — +¢ for each field,
with each field taking a + or — charge assignment. Imposing a symmetry of this
type forces the off-diagonal elements of the Higgs-fermion Yukawa coupling matrices
to be zero, completely prohibiting tree-level Higgs-mediated FCNCs. There are
four unique ways to assign the Zs symmetry charges that accomplish this goal, as
specified in Table These charge assignments are known as the common 2HDM
Types I, II, X, and Y.

With one of these Zy symmetries imposed, it follows that A\g = Ay = 0.

One can show |20 that there exists a scalar field basis where A\¢ = A7 = 0 if and
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¢y o Ur Dpr Er UL, D, Ni, Er
Type 1 + - — — — +
Type 11 + - — + + +
Type X + - - - + +
Type Y + - - + — +

Table 2.2: The four possible, unique Zy symmetry charge assignments for scalar and
fermion fields in the 2HDM. The Z, symmetry is imposed to constrain the Higgs-
fermion Yukawa couplings such that tree-level Higgs-mediated FCNCs are naturally
absent.

only if the following two conditions are satisfied:

(Z1 — Z2)[(Z3 + Za)| Zet|* — Zal Zo|* — Z11Z1|* — (Z1 + Z2) Re(Z5 Z7) + Re(Z5 Z57)]

—2|Zer*(1Z6|* — | Z41%) = 0, (2.38)

(Zy — Zo) Im(Z§Z7) + Im(Z525;) = 0, (2.39)
where Zg7 = Zg + Z7.

In models with Type I and II Yukawa couplings, the matrices pV and p”

are diagonal and fixed as follows,

&+ /2 M, cot i+ /2M t
Type I: pU _ (& f UCO /B : pD _ e f DCO /6 : (240)
v v
&+ /2 M7 cot i€+ 2 M t
Type II: pU:e V2My co ﬁ, pD:—e V2Mp anﬁ7 (2.41)
v v

where tan 8 = |02/01] (cf. Eq. (2.5)). In Type X models, the quarks possess Type-I
Yukawa couplings whereas the leptons possess Type-1I Yukawa couplings. In Type
Y models, the quarks possess Type-II Yukawa couplings whereas the leptons possess
Type-1I Yukawa couplings.

Note that in the generic 2HDM, tan 8 is not a physical parameter, since
the ®-basis has no physical significance. However, after imposing a Zo symmetry on
the dimension-4 terms of the Higgs Lagrangian, the ®-basis where the Zo symmetry
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is manifestly realized becomes meaningful, in which case tan 8 is promoted to a

physical parameter of the model [19,20].

2.5 The CP-conserving 2ZHDM

Formally, 2HDMs which preserve charge-parity symmetry are understood
to have CP-violation only entering the model through complex CKM matrix ele-
ments. If the 2HDM is restricted to having a CP-conserving Higgs scalar potential
and vacuum, then the scalar mass eigenstate analysis presented in Section and
the Yukawa coupling expressions in Section take much simpler forms. We can fix
the Higgs basis by rephasing the Higgs basis field #5 such that the potentially com-
plex scalar potential parameters Y3 and Z5¢ 7 are all simultaneously real, yielding
the so-called the real Higgs basis. This basis is uniquely defined up to an ambiguity
in the sign of the field Hs. As in Refs. [19,20], we set s13 = 0, c13 = 1 and €™ = %1,
however the field 5 can still be of either sign. If one transforms Ho — —Ho, then e
changes sign and the scalar potential parameters parameters Y3, Zg and Z7 change
sign whereas the remaining parameters remain unchanged. Thus, one can define the

parameter € to keep track of the sign changes upon resigning Ho,

, Zs if Zg # 0,
ez |senZe, 27 (2.42)
sgn 27 , if Zg =0 and Z7 # 0.
In the standard notation for the CP-conserving 2HDM, we identify
h=h, H = —chs, A=chs, H* - eHT, (2.43)

where we have assumed that the lighter of the two CP-even Higgs bosons is SM-like.
The neutral CP-odd Higgs mass eigenstate is related to the Higgs basis fields by

A = eV/2ImH). Eq. (2.43) means that the signs of the fields H and A (and the
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sign of cg_q, as we will see) all flip under the redefinition of the Higgs basis field
Hos — —Ho. In the CP-conserving 2HDM literature, in models in which the choice
of the ®-basis is physically meaningful due to the presence of a discrete Zo symmetry
of the scalar potential, it is traditional to impose one further restriction that tan S is
real and positive, which removes the final sign ambiguity in defining the real Higgs
basis.

In a real ®-basis of scalar fields, the mixing angle that diagonalizes the
CP-even Higgs squared-mass matrix is denoted by a. However, in the generic CP-
conserving 2HDM, the ®-basis has no physical meaning, which implies that the
angles a and S are not separate physical quantities. It is therefore more convenient
to analyze the CP-even Higgs squared-mass matrix in the real Higgs basis, in which

the 3 x 3 mass-squared matrix given in Eq. (2.12) simplifies to an upper 2 x 2 block,

Z1v? Zgv?
M= | 2 N (2.44)
eZgv? m124 + Zs0v?

and the squared mass of the CP-odd scalar A is given by the lower 1 x 1 block,
m% =Yoo+ 3(Z5 + Zy — Zs)v*. (2.45)

The CP-even Higgs mass eigenstates, h and H (with m;, < my), are then related
to the neutral fields of the Higgs basis via,
H o —Sp 2 Re HY —

(h) - (:;_Z Z;:) (fa\/ﬁeRZZ{g v) ' (2.46)
Although it is possible to tune the parameters of the 2HDM such that mj, = my,
this parameter choice does not yield a phenomenologically viable scenario, and is
thus excluded from further consideration.Comparing with Eq. after setting
s13 = o3 = 0, we can then identify,

C12 = SB—a $12 = —€C3—q - (2.47)
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k hy, qr1 k2
1 h S8—a ECB—qa
2 —eH —ECB_q 88—a
3 A 0 i

Table 2.3: In the CP-conserving limit, the simplified basis-invariant combinations gy
(originally defined in Table , corresponding to a real Higgs basis where ¢ = £1
with the choice of sign defined by Eq. (2.42).

The angle § — « is defined modulo 7. It is conventional to take 0 < f — «a < 7, in
which case 0 < sg_, < 1. Note that the signs of cs_, and ¢ are not physical as
they change when redefining the Higgs basis field Ho — —Hs. However, the product
€ Cg_q is invariant with respect to this sign change and hence is a physical quantity.
Moreover, if sg_qcs_q # 0 then Eq. implies that Zs # 0 and ecg_, < 0 in
the convention for 8 — a adopted above. In this case, Eq. yields € = sgn Zg,
and it follows that,

ECR—a = *’Cﬁ_a’ . (2.48)

In the CP-conserving 2HDM, the g; given in Table 2.1 simplify to the results given
in Table where they are written in terms of €, cos(8 — «), and sin(f8 — «).
Given the values of § — o and the masses of h, H, A and H*, four of the

seven real Higgs basis parameters Z; are determined:

Zw? = m%s%,a + m%[c%,a, (2.49)
Zy? = m%cg_a + m%{s%_a +m% — 2m3. (2.50)
Zsv? = mic%_a + m%{s%_a —m4, (2.51)
Zev® = —(m3y —m3)sp_aCha, (2.52)

and the remaining three parameters Zs 3 7 are free. Eq. (2.52)) is consistent with the

condition ecg_, <0 in the convention for 3—a adopted above where 0 < sg_, < 1.
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Chapter 3

Constraints on 2HDMs

In this chapter, we describe the most important constraints that pertain
to both of our research projects to follow in Parts 2 and 3. First, the models
we construct must obey theoretical principles which enable them to be physically
possible. There are indeed 2HDM parameter regimes which are capable of producing
a universe which resembles our own, with some caveats. Our models must also
contain all of the particles we observe experimentally, and they must not predict
particles that would have already been discovered, but have not been.

We must also always check that our models are compatible with previous
searches for neutral scalars. In particular, the ATLAS and CMS collaborations at
the LHC have performed numerous dedicated searches for new elementary scalar
particles, and they frequently present exclusion plots designed to aid theorists in
their quest for valid models. Our models must not predict violations the exclusion
limits obtained from LHC data, and we also must be able to produce a so-called
SM-like Higgs boson with properties approximately like the scalar observed at the
LHC with my = 125 GeV.

The SM makes an astounding number of predictions that are extremely
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consistent with experimental data. The 2HDM is a simple extension of the SM
which predicts more scalar states that can modify many SM processes. We must
scrutinize our models for consistency with bounds placed on a variety of observables
that can be affected by new Higgs bosons.

In many cases, one observable has limits that provide more excluding power
than other similar observables, so we do not need to consider all the relevant con-
straints on the 2HDM parameter space. Instead, we are only interested in the most
stringent constraints and how they carve out the allowed parameter space. That be-
ing said, we also strategically impose some preemptive constraints before performing
parameter scans to shorten computation times. In the next few sections, we describe

the most severe constraints that are relevant for both projects in this dissertation.

3.1 Stability, Unitarity, and Perturbativity

Stability: The stability conditions ensure that the vacuum of the 2HDM
does not develop unphysical vevs. This constraint implies that the scalar potential
must be positive at arbitrarily large Higgs field values, or that it is bounded from
below. This condition can be realized as a list of inequalities between the quartic
scalar potential parameters \; in a generic ®-basis, or equivalently between the Z; in
the Higgs basis. The stability inequalities are derived in Refs. [21}22], and presented

here:

A >0 Ay >0 A3+ vV AA2 >0 )\3+)\4—‘)\5‘+\/)\1)\2>0, (3.1)

Unitarity: To ensure that high energy scattering processes between Higgs
bosons and gauge bosons or fermions respect the principle of probability conserva-

tion, we must enforce that the scattering amplitude matrix is unitary. The unitarity
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conditions in the 2HDM impose constraints on the Higgs masses and couplings. This
requirement translates to conditions on the scalar potential parameters, as given in
Ref. [23], which can be imposed by requiring |Z;| < 167.

Perturbativity: Since we utilize perturbation theory to compute scattering
processes, we must require that the expansion parameters are small enough for
perturbative calculculations to be valid. To ensure that the couplings of the Higgs

bosons to gauge bosons and fermions are small enough, we require |Z;| < 4.

3.2 Higgs Signal Strengths

We have a plethora of data collected from the LHC about the SM-like Higgs
boson with mp = 125 GeV. The couplings between h and other SM particles are
known quite well, however the experimental uncertainties on these measurements are
still around 10% in many channels, leaving room for the possibility of new physics
that yields small deviations from SM-like Higgs phenomenology. If one is to propose
a BSM model, they must require that their model predicts behavior of the h that
closely resembles the observed SM-like Higgs boson. The standard measures of
this consistency are called Higgs signal strengths, denoted by M;'X , where i refers to
the h production mechanism and the X the final state particles. The Higgs signal
strengths are defined by the ratio of the BSM model’s prediction divided by the SM

prediction,

x _ o(h)azipm X BR(h — X X) sorpm
K o(h)sm X BR(h — X X)su

~1. (3.2)

One must require the Higgs signal strengths to be close to 1 to ensure the A in their
model does not have coupling properties significantly different from the observed

Higgs boson.
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Some Higgs production and decay channels have tight experimental limits
placed on the Higgs signal strengths, while others are slightly less definitive. In
particular, we enforce that the Higgs signal strengths are within the experimental
errors for the vy and ZZ final states, and within two times the experimental errors

for WHW—, 7t7~, and bb. We use the Higgs signal strength limits to place bounds

on the magnitudes of the A2HDM coupling modifiers |fy r| [cf. Egs. (5.11)—(5.13)].

3.3 The Oblique T-parameter

The oblique parameters S, T, and U are observables that quantify the de-
viation of a model’s electroweak radiative corrections from those of the SM. Specif-
ically, the oblique parameters involve the functions 6llxy (with X, Y = v, W¥, 2)
which are the new physics contributions to the radiative corrections of gauge-boson

two point correlation functions I xy (¢?), as defined by,
Mxy(¢*) = T3 (¢%) + oTlxy(4%) . (33)

For 2HDMSs, the most stringent constraints come from the T-parameter, which is
related to the p-parameter of electroweak physics through the relation p — 1 = o
In the 2HDM, since new physics appears well above the my scale, there are no new
electroweak gauge bosons, and light fermion interactions are suppressed (appearing

at two-loop order), then the T-parameter can be approximated by,

= ()T o
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In the CP-conserving 2HDM, the T' parameter is given by [19]:

3g'2cos®(f —
ol = 6472 (m2 (_ o )) F(m%,m%) — F(mby,m¥) — F(m%,m3) + F(mZ, mm,)

g2

+ -
647rm%,[,

{]:(qui,mi) + sinQ(ﬁ —a) [,F(m%,i,m%{) — ]:(mi,m%{)]
+COSQ(B —a) []-"(m%i,m%) — ]-'(ma‘,m,%)] } , (3.5)

where o =~ 1/137 is the fine structure constant and the function F is defined by,

2,2 2
2 2y 1/ 2 2 mymy my
f(ml, m2) = §(m1 + mg) — W ln <Tng> . (36)
Notice that,
F(mi,m3) = F(m3,mi), F(m? m?) =0. (3.7)

For a custodial symmetric scalar potential, the term proportional to g2 in Eq. (3.5

must vanish, so the following equation must be satisfied,
]:(m%{ivmz%l) + SiHQ(B - Oé) [J—-.(mgfivm%{) - ]:(m,%b m%])]
+ cos?(B — a) []—"(mfgi,m%) — F(mi,m%)] =0. (3.8)

Assuming we are not in the exact alignment limit, i.e. sin(8 — a)cos(8 — a) # 0,
then there is only one solution to Eq. , which is mzi = mi. This implies that
the T" parameter will be small and hence consistent with the current experimental
limits if the charged Higgs mass is roughly mass degenerate with the A mass.
There is a second way to achieve consistency with the tight experimental
limits on the T parameter. Precision electroweak data tells us that T is close to
zero, so we seek solutions that cause the left hand side of Eq. to be close to
zero. Utilizing precision Higgs data, recall that one the the scalars in our 2HDM,

which we assume to be the lightest one, must have properties approximately like the
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observed SM-like Higgs boson. This implies that we are near the alignment limit,
so |cos(fS — )| is small. Thus, a second way to achieve a very small value for the

left hand side of Eq. (3.8)) is to demand that,

Flmyem3) + Flmipe my) — Flm? )| = O((cos? (8 —a)) < 1. (3.9)

Eq. 1’ is approximately satisfied if either m?{i ~ mi or m%ﬁ ~ m%l. These

results imply that the T-parameter provides limits on differences between the masses
of the charged Higgs boson and the H or A. More specifically, to remain consistent
with current experimental limits, the T-parameter forces the mass of the charged
Higgs boson to be roughly mass degenerate with myg or m4.

Electroweak precision data provide tight bounds on S, T, and U, so they
must be very small if our extension of the SM is to be phenomenologically viable.

The current experimental limits on the oblique parameters are [24]:

S =0.014 4 0.10, (3.10)
T =0.03+0.11, (3.11)
U =0.06+0.10. (3.12)

In this work, the models are easily consistent with experimental limits on the S and

U parameters, and we only need to ensure the T parameter is small enough.

3.4 Constraints from b — s + ~

The SM makes valid predictions for numerous flavor observables. If one
is to posit an extension of the SM, they must not introduce contributions to flavor

observables that are inconsistent with current experimental limits. Any extension of
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the SM must avoid tree-level Higgs-mediated FCNCs, which, in this work, is achieved
via the flavor alignment conditions in Eq. or the Cheng-Sher ansatz for the
Yukawa matrices. In the A2HDM, charged Higgs boson exchange can still generate
devastating FCNCs at the one-loop level. Therefore, there are many experimental
limits on flavor observables that provide constraints on m g+ and the flavor alignment
parameters. In Ref. [49], a thorough analysis of the constraints on the A2HDM is
presented for a variety of processes, including B — 7v,D — uv,Ds — Tv, Dy —
w, K = pv,m — uv, BY — ptu=, BY — ptpm, 7 — Kv,m — 7, B — Xgy, K-K
mixing, BngS mixing, and BY-BY mixing. Some of these flavor observables have
also been considered in Ref. |73].

In almost all of the relevant A2HDM parameter space, the most severe
constraints come from measurements of the rate of inclusive radiative decay b — sv.
The processes in which these decays occur are B — X,v, where X, is any hadronic
state that contains an s quark. The SM prediction and its uncertainty for this
process is consistent with the experimental measurements and their uncertainties.
However, new physics could still be allowed as long as it only contributes a small
amount to B — X7, such that the proposed BSM model’s prediction falls within
one or two times the uncertainty on the measurement.

In practice, one must take the observed photon energy £, to be larger than
some cutoff, denoted by Ey. The prediction for the branching ratio of b — sv in the

Standard Model obtained in Ref. [59] is,
BR(b = $7)E,>Ey=1.6 Gev = (3.40 £ 0.17) x 107*, (3.13)

whereas the current world average of the experimentally measured branching ratio
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compiled by the HFLAV Collaboration [74] is,
BR(b — $7) B, >Ey=1.6 Gev = (3.49 £ 0.19) x 107*. (3.14)

The SM prediction exhibited in Eq. (3.13) is modified in the 2HDM due to

charged Higgs boson exchange,
BR(b — s7)5,>5, = BR(b — s7)"™ + 6BR(b — s7). (3.15)

In the 2HDM, the dominant contributions to dBR(b — s) arise through the effective

operators,

e
53 M0(5.0" bR) P Og = 1ng2 my(5Lo™ b R)GY,, (3.16)

Or =

corresponding to one-loop electroweak and QCD penguin diagrams, respectively, at
lowest order (LO). Next-to-leading order (NLO) corrections have also been obtained
in Refs. [75-79]. A convenient numerical formula based on Refs. [80-82] has been

provided in Ref. [49] in terms of the Wilson coefficients evaluated at the scale p; =

160 GeV,

—8.100CF° — 2.509CLO 4 2.767 CLOCLO*

B — 104 %
OBR(b — sv) = 107" x (0.9626 > Re

+5.348 |CLOJ” +0.890 | 5| — 0.085 CYC — 0.025 C)© (3.17)

+0.095 CEOCNEO™ 1 0.008 CFOCYEO" +0.028 (C%Oc;jm* + cyLchO*) ] 7

where CiLO and CZNLO indicate the charged Higgs contributions from O; for i = 7,8
at leading and next-to-leading order, respectively, and ry is the ratio of the product

of CKM matrix elements [24],

2

V2V
“tsT) ~ 0.964 . (3.18)

Veb

TV:
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In the A2HDM, the forms of CZLO and CZNLO for ¢ = 7,8 are given by,

CrO = L") Gi(ylhys) — a¥aP Gh(ylys), (3.19)
CO = (aV)? Cl(yly+) — a¥a” Cs(yly2) (3.20)
UN2 i/, t U Dy, t H?
+ |(a”)*Di(yg+) —a”a” Dy(yp+) | In —5—,
mHi

where y}li =m?/ m%[i and the explicit expressions for the loop functions G%, C?
and D! are given in Appendix 5.1 of Ref. [49] and reproduced in the appendix of

this work for convenience.

The uncertainties in Eqs. (3.13]) and (3.14) imply that contributions from

new physics dBR(b — s7) will fall within the experimental uncertainties if they are
smaller than about 2 x 1075, To definitively rule out a model at roughly the 95%
confidence level, one should consider the 20 error bars on the SM prediction and
the experimental observation. This requirement corresponds to allowing the new

physics contributions to fall within the range,
|6BR(b — s7)| <4 x 107°. (3.21)

Using Eq. , one can constrain the {aV,a”, my=+} parameter space of the CP-
conserving A2HDM. To check that the results of our BR(b — s7v) constraints are
consistent with those found in the literature, we can take the Type I and Type II
limits of the A2HDM, which are special cases with a¥ = a” and oV = —l/aD,
respectively, and compare with the Type I and II results in the literature. The most
recent b — sy constraints of the Type-I and II 2HDMs can be found in Refs. [51}59].
More general A2HDM constraints can be found in Refs. [49,83].

The plots in Fig. [3.1] are a more detailed display of the b — sy constraints
on the CP-conserving A2HDM parameter space. These constraints are applied in

the work below on A2HDM scenarios of interest, in Sections [§ and [0
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In Part II, when considering specific scenarios of Higgs masses and Yukawa
couplings, we will discuss which regions of parameter space are appropriate to scan
through. In this more general analysis of the constraints presented by IBR(b — s7)
on the parameter space, we begin by selecting appropriate, and rather generous,
ranges of a¥ and a”, and considering which signs of each yield physically unique
consequences. If physical observables are invariant under a resigning of a parameter,
or combination of parameters, then scanning over only positive values will probe the
space without loss of generality. In this case, if one were to take both signs, they
would unnecessarily duplicate the parameter space.

In our initial exploration of the A2HDM parameter space, considering only

SBR(b — s7v) constraints, we allow 0 < aV < 2 and |a”| < 100. Notice that

U

Egs. (3.19) and (3.21) are invariant under the simultaneous transformation a¥ —

—a¥ and aP — —aP, which means 0BR(b — sv) in Eq. (??) is invariant under

F

this transformation. Changing the sign a” — —a’ in the charged Higgs Yukawa

couplings given in Eq. corresponds to changing the sign of ¢ [cf. Eq. ]
or equivalently changing the sign of the Higgs basis field Hso, which has no physical
consequence. However, the sign of the product aVa” is physical. For convenience,
we shall henceforth take a¥ positive without loss of generality.

In Fig. we exhibit the allowed regions of the A2HDM parameter space
that satisfy the b — sy constraint given in Eq. . The six panels of Fig. are
combined into one plot in Fig. It is reassuring to recover the constraints in the
literature on the Type I and II 2HDM from the more general A2HDM constraints
shown in Fig. 3.2l We can demonstrate the evolution of the dBR(b — s7v) con-

straints from Type I to Type II inside the A2HDM parameter space by employing
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Figure 3.1: Regions of the A2HDM parameter space (indicated by the various colors)
that satisfy [§BR(b — sv)| <4 x 1072,

the parameterization (in a convention where a¥ > 0),
a? = (@"Ysgnp, —-1<p<1. (3.22)

where sgnp = 1 for p > 0 and sgnp = —1 for p < 0. This parametrization was
created such that p = 1 corresponds to Type I Yukawa couplings whereas p = —1
D

corresponds to Type IT Yukawa couplings. By varying p, one can determine a* via

Eq. (3.22) [subject to |a”| < 100]. The evolution of the Type-I 2HDM constraints
into the Type-II constraints can be seen as p varies from +1 to —1 in Fig. We

show results in the m g+ vs. 1/aV plane, since in both the Type-I and Type-1I 2HDM
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Figure 3.2: The six panels of Fig. are combined into one plot shown above.

we can identify tan 8 = 1/aV. (In light of Eqs. and , in a convention where
0 < B < 7/2, one must fix ¢ = 1 for positive values of aV.) Indeed, we see that
the aP = aV panel of Fig. is comnsistent with the excluded parameter regime of
the Type-1 2HDM, whereas the a” = —1 / aV panel of Fig. is consistent with
the excluded parameter regime of the Type-II 2HDM (cf. Ref. [51]). For values of
Ip| # 1, 1/a¥ does not have the interpretation of tan 3 (as this parameter is no longer
physical). Nevertheless, the sequence of panels exhibited in Fig. ﬂ provides some
understanding on how the evolution between Type-I and Type-II occurs. Strictly
speaking, the evolution is not continuous, since at p = 0, the sign of p is undefined
and one switches between positive and negative p as one passes through zero. Indeed,
only half of the A2HDM parameter space is accessed in this way, since we do not
consider parameter points where the sign of a” is —sgnp (in the convention of
positive a).

In some earlier works, only the leading order (LO) corrections to b — sy

were included. Although the LO results provide a fairly good representation of
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Figure 3.3: Regions of the A2HDM parameter space (indicated by the various colors)
in the my+ vs. 1/a¥ plane that satisfy |[§BR(b — s7)| < 4 x 107°. The uncolored
regions are excluded. The value of a® is fixed by a” = (aV)’sgnp. As p varies, we
include all parameter points in which ]aD | < 100. The sequence of panels correspond
top=1,0.6,0.1,—0.1, —0.6, and —1. The case of p =1 (p = —1) corresponds to the
Type I (Type II) 2HDM; in these two cases, one may identify tan 3 = 1/aV.

the excluded regions in much of the parameter regime, there are some noticeable
differences with the more accurate NLO result. In Fig. [3.5] we exhibit the regions
of the aV vs. a” parameter space in which [0BR(b — sv)| < 4 x 107° based on
the LO computation (where C’ZNLO = 0 in Eq. ) and the NLO computation,
respectively. A blue point is plotted as long as the branching ratio inequality is

satisfied for at least one value of the charged Higgs mass (which is allowed to vary
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between 100 and 1000 GeV).

The NLO terms in §B(b — sv) contain dilogarithm functions, so one may
ask if the LO terms are a good approximation. In the plots below, we show that one
must go beyond LO and compute NLO contributions if they wish to use §B(b — s7)
to constrain the A2HDM parameter space. There are situations in which the LO
result is greater than the NLO result, and less than the NLO result, and the two
terms can be comparable in size. Therefore, placing constraints on a LO calculation
would both allow models that are forbidden at NLO and eliminate models that are

allowed at NLO.

3.5 AMp, Constraints

While b — s considerations provide the most sensitive constraints in most
regions of the A2HDM parameter space, there are regions in which B,—B, oscillations
add an additional constraint beyond what is excluded by b — sv. The prediction

for Bs—Bj oscillation is given by AMp_, which includes SM and new physics terms,
AMp, = 2|(BY| HAP=B)| = (AMp,)*M + 6AMp, . (3.23)

The new physics term JAMp, is due to contributions from charged Higgs bosons

and arises through the effective operators:

Ovir = 58y, (1 — 75) b5 (1 — 75) b, (3.24)
Osrr = 5 (1 +75) b7 (1 +75) 07, (3.25)
Orrr = 5%, (1 +75) b*5 o (1 4 75) b7, (3.26)
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as shown in the results of Ref. [50]. Ref. [49] shows how JAMp, can be calculated

as,

2 2
G miy mp,

OAME, = T

ViVl 3. [Be,nsCv + BiInilCsr],  (3.27)

where the B, [Bg?] parameterize the nonperturbative effects in the hadronic matrix
element of Oy 11, [Osrr and Orgr|, N5 [ng?] account for NLO QCD corrections [84],

and the corresponding Wilson coefficients are given by,

Cv =z 2xiAwn (x4, 2p) + 20 A e (24, 2p)] 5
(3.28)

Cor = dmpa} [Afly (x0) + ARy (20))],

with x4 = [mg(mgq)]?/m}, equal to the square of the MS quark mass normalized
to the W boson mass. The explicit expressions for Awgy, Agmy, AI*%;H and A%%
can be found in Appendix B.2 of Ref. [49]. The Standard Model contribution to
Cy has been omitted from Eq. (3.28). We have evaluated these functions using
the Standard Model parameters taken from UTfit Collaboration global fit of flavor
parameters [50] and the parameters associated with the charged Higgs contributions
given in Ref. [49]. Values for Gr and myy are taken from Ref. [24] and we employ
the value of np = 0.5510 £ 0.0022 quoted in Ref. [84].

In Ref. [50], the observed value of AMp, = 17.241(20) ps~! obtained from
B,—B, oscillation data is compared with the Standard Model prediction, which is
17.94(69) ps~! based on a global fit of flavor observables. Since the error in the Stan-
dard Model prediction is still considerably larger than the precision of the measured
value, we chose to identify the 20 error in the theoretical prediction as the upper

limit to the contribution to |AMp,| of new physics beyond the Standard Model.

36



Values of 6B(b—sy)

1000 A
800
% 600
)
5\:
g
400 1
200
0 5 10 15 20 25 30 35
6B(b-sy)
NLO Terms Are Necessary
1000 A
800 -
% 600
)
-i]\:
g
400 A
2007 o B e E
3 "“"..-J:.-’a- ‘“"’M‘

-8 -6 -4 -2 0 2 4 6 8
6B(b-sy) le-5

Figure 3.4: In the A2HDM, dB(b — s7) can be much larger than the 20 uncertainties
on the experimental results, invalidating those parameter points. This is especially
so at low values of my+. One must compute 6B(b — s7) to NLO since the NLO
contributions can be as large as the LO with opposite sign, which can either eliminate
or enable points judged by the LO results only.

37



LO b - s+ y Constraints

100
75 1
50
25 -
Q('U O_
_25_
_50_
_75_
—100 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Y
NLO b — s + y Constraints
100 -
75 1
50 1
25' J‘,Ev'f»,:-”. DAL cu o
© 01 -
=25 e mu==[100,300] GeV
—50 my==[300, 500] GeV
e my-=[500,700] GeV
=751 e my-=[700,1000] GeV
~1004 e my-=[100,1000] GeV
00 05 1.0 15 20 25 3.0
Y

Figure 3.5: LO vs. NLO constraints due to b — sy in the aV vs. a” plane, with
charged Higgs masses separated by color. Due to cancelations between LO and NLO
terms, a second region of parameter space becomes available when one computes
§B(b — sv) at NLO. All points shown above satisfy |[JBR(b — s7)| < 4 x 107°.
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Chapter 4

Introduction

In particle physics, one wishes to know the complete, or at least effec-
tive, spectrum of physical particle states in Nature, their masses, and how they
interact. In this part, we describe a body of work that investigates whether the
nature of Higgs-fermion interactions are the consequence of a symmetry or not.
We employ generic flavor-aligned Yukawa couplings and compare the predictions
with experimental data to investigate the possible patterns of Yukawa couplings.
We then test if the allowed Yukawa couplings are akin to those of the commonly
studied Zs-symmetric models. The Zo-symmetric models are a subset of the flavor-
aligned 2HDM (A2HDM), which have more general Yukawa coupling matrices. If
only A2HDMs with Yukawa couplings like Zs-symmetric models are found to be
consistent with experimental data, then we would conclude that the Yukawa cou-
pling pattern must be due to a Zs symmetry. However, we find that Zs-symmetric
models are too restrictive, and more general Yukawa couplings can be consistent
with experimental results. We therefore conclude that the Higgs-fermion Yukawa
coupling patterns do not need to arise from a Zs symmetry. The commonly studied

Zo-symmetric 2HDMs have Yukawa couplings that are drastically, and unnecessarily,
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restricted compared to the full parameter space available in the A2HDM.

In the case of 2HDM states, the hypothesized new neutral scalars are par-
ticles with quite large masses and are therefore difficult to produce in colliders,
yielding insufficient data to draw absolute conclusions at present. In coming years,
more particle collider data and improved experiments and analyses will shed more
light on the search for new neutral scalars. In the meantime, it implores us to use
what hints and limits we have to determine the likelihood of discovering new Higgs
bosons, and how they might interact with fermions.

We also use these investigations to aid experimentalists in their searches for
new neutral scalars. After our analyses of the available A2HDM parameter space for
the two scenarios presented, we provide benchmark points which elucidate the most
important branching ratios of the Higgs bosons. Equipped with these benchmark
points, experimentalists can look for exemplifying decay signatures as more data is
collected.

In Chapter [5| we establish the flavor-aligned 2HDM, which is the model
employed in this part of this work, and describe the remaining important constraints
on the parameter space that were not already discussed in Part 1. In Chapter
[6] we survey the search for non-SM-like Higgs bosons at the LHC and discuss a
few intriguing Higgs excesses that have been reported by the ATLAS and CMS
Collaborations [27H30]. We interpret these excesses as hints of new BSM scalars
described as A2HDM states. We propose to analyze two different A2HDM scenarios
that could yield excesses of events that would be compatible with the reported LHC
data. In Scenario 1, we take m4 = 610 GeV and my = 290 GeV, motivated by an
ATLAS excess of events with a local (global) significance of 3.1(1.3)c [27], which is

compatible with the interpretation of gg — A — ZH, where H — bb and Z — (T4~
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(where £ = e, p). Scenario 2 is based on an ATLAS excess of 777~ events with an
invariant mass of around 400 GeV, with local significances of 2.2¢ in the gg fusion
production channel and 2.7¢ in the b-associated production channel [28-30]. The
CMS Collaboration sees no excess in the 777~ channel [31], but still leaves some
room for a possible signal. However, the CMS Collaboration observes an excess of ¢t
events with an invariant mass of around 400 GeV, with a local (global) significance
of 3.5(1.9)0, that favors identifying the excess with A production [30]. In Chapter
[7] we explain how we scanned through the A2HDM parameter space to find regions
which can predict Higgs signals large enough to explain the Higgs excesses in LHC
data while upholding consistency with experimental and theoretical constraints. In
Chapters [§ and [9] we present two scenarios in which we can simultaneously explain
two Higgs excesses within the A2HDM, and perform parameter scans to interpret
the allowed Yukawa coupling patterns in each. We demonstrate that the common
Types-1, IT, X, and Y models cannot accommodate the excesses in our scenarios, but
the flavor-aligned model can. In these chapters we also provide telltale benchmark
points to establish decay signatures experimentalists can look for in the case that any
of the small excesses that have been previously reported by the ATLAS and CMS

collaborations should turn out to be something more than a statistical fluctuation.
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Chapter 5

Theoretical Background

5.1 The Flavor-aligned 2HDM

The most general 2HDM is not phenomenologically viable, as it generates
FCNCs via off diagonal terms in the Yukawa coupling matrices. To suppress poten-
tially dangerous tree-level Higgs-mediated FCNCs, one must establish a mechanism
by which the off-diagonal elements of the Yukawa coupling matrices are sufficiently
small. There are numerous ways to suppress FCNCs, the most common of which
involve imposing a symmetry on the Lagrangian which eliminates off diagonal terms
in the Yukawa Lagrangian. Because this approach has a symmetry which protects
the zeros in the off-diagonal Yukawa coupling matrix elements, these models are
stable under renormalization group evolution. We, however, suppress off-diagonal
Yukawa couplings by positing that the Yukawa coupling matrices are flavor diagonal,
with off-diagonal elements equal to zero, so FCNCs are brought under control.

In the Zy symmetry rationale of flavor-diagonality, the x" and p” matrices
are not independent and overly restricted. Instead, we take a slightly more general

D

approach and posit that the pU"P matrices are proportional to the Y- matrices,
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which are already diagonal since they are proportional to the diagonalized fermion
mass matrices k' = 2Mp /v. We define proportionality constants, called alignment

parameters at’ ,

pf =al'k?, for F=UD,F, (5.1)

where the potentially complex numbers a (which we will take to be real) are in-
variant under the rephasing of the Higgs basis field Ho — eXH,y. Establishing
this relationship between the Yukawa coupling matrices and mass matrices defines
the flavor-aligned 2HDM (A2HDM), which is the model employed in Part II of
this work. The convenient redefinition of the Yukawa coupling matrices given in

Eq. (2.35) yields,

P = Rea")1, pi = (Ima")1, (5.2)

and inserting these results into Eq. (2.36)), the Yukawa Lagrangian takes the form,
1 3
-y = " UMy Z{le + goaY Pr + quaU*PL}Uhk
k=1

3
1 _

+ - g {FMF E (qk1 + quoa™™ P + QZQCLFPL)Fhk}
YroE k=1

2 (— _
+ f{U[aD*KMDPR —a"*MyKPL)DH" + o NMpPrEH"
v

+ h.c.} . (5.3)

The Yukawa couplings displayed in Eq. (5.3) have no tree-level Higgs-mediated
FCNCs, they are much simpler than the general couplings in Eq. (2.36]), and they
will simplify further if one considers CP-conserving models.

In the CP-conserving case the Yukawa couplings given in Eq. (5.3 then
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take the following form,

1 _
~% =—- Y FMp[ss_a—a"lcs_al]Fh
UF:U,D,E

1 _
- — Z EFMF“C/B_OA +aF86_a]FH

F=U,D,E

7 —
— = ) epea" FMpy;FA
UF:U,D,E

2 — —
+ V2, {U [aP KMpPg — o MyKP,|DH' + " NMgPrEH*
v

n h} , (5.4)
where ¢ is defined in Eq. (2.42)) and we have introduced the notation,

1 for FF =
p— {+ or U, (5.5)

-1 for F=D,F.
Of course, the explicit factors of ¢ are not physical as previously noted. Indeed, ¢
can always be absorbed into the definitions of the H, A and H™ fields. In this paper,
we shall interpret LHC searches for new scalar states in terms of the CP-conserving
A2HDM. Thus, we shall employ the Yukawa couplings of Eq. in which the real

parameters a¥ and a” can take either sign and only the absolute value of Ch—q 18

physical, in light of Eq. (2.48]).

5.2 Zs-symmetric A2HDMs

The commonly studied Types I, II, X and Y 2HDMs are indeed special
cases of the A2HDM, where we can identify the corresponding complex alignment

parameters as follows,
1. Type-L: aV = aP = oF = €€+ cot 5.
2. Type-II: aV = €€+ cot B and aP = of = —!€+) tan 5.
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3. Type-Y: aV = a¥? = €€+ cot B and o = —e!é+7) tan j.
4. Type-X aV = aP = €€+ cot 8 and a? = —e'€+) tan 3.

If the absence of neutral Higgs-mediated FCNCs is enforced naturally via a symmetry
(which may be softly broken by dimension-2 squared-mass terms), then one should
impose a Zo symmetry on the dimension-4 terms of the Higgs Lagrangian in the
®-basis as specified in Table which implies that A\¢ = A7 = 0. It is convenient

to define the quantity,
Ty, = ‘(Zl—Zg)[le7+ZQZG—(Z3+Z4+Z5)(ZG+Z7)]+2(Z6+Z7)2(ZG—Z7)} . (56)

Applying Eq. to the real Higgs basis of a CP-conserving 2HDM, it follows
that the real Higgs basis parameters satisty Tz, = 0 if and only if a Zy symmetry is
present in some scalar field basis.

Moreover, it is conventional to rephase the ®-basis scalar fields such that
¢ = 0 (i.e., the vevs are real and nonnegative), in which case one can identify
€1 = ¢ and tan 8 = (99) /() [cf. Eq. ] In particular, the CP-conserving
Type-1, II, X and Y 2HDMs are special cases of the A2HDM, where we can identify

the corresponding real flavor-alignment parameters as follows,

Type-I:  aV =aP = a¥ =ecot B. (5.7)
Type-Il: a¥ = ecot f and a” = o = —ctanp. (5.8)
Type-Y: a¥ =af = ecot § and aP = —ctan §. (5.9)
Type-X: aV = aP =ccot B and a¥ = —ctan 6. (5.10)

Inserting the CP-conserving Type I or Type II values of the flavor-alignment param-
eters in Eq. (5.4) and writing the Yukawa couplings of h and H in terms of cg_q

rather than its absolute value [using Eq. (2.48])], we see that the factors of € now
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cancel exactly, as they must since there is no remaining two-fold ambiguity in defin-
ing the real Higgs basis once the ratio of vevs has been chosen to be non-negative.
In particular, in the conventions of the Type-I, II, X and Y 2HDMs adopted above
(where & = 0), the sign of ¢g_,, is now a physical parameter. Moreover, the sign ¢ is
now fixed as determined by Eq. . We shall adopt this approach in the Type-I
2HDM benchmark presented in Section (8.2

In contrast, a less common approach for examining the Type-I, I, X and Y
limits of the CP-conserving A2HDM is to allow for both values of e’¢ = +1. In this
case, one can extend the definition of 8 such that —%ﬂ' <pB<L %77, in which case the
parameter tan 8 can be of either sign. Eqgs. f remain valid, but now we
see that neither tan 8 nor cg_, is physical (since both change sign when redefining
the Higgs basis field Ho — —%H2), although the product cg_, tan 3 is physical. In
this case, one could adopt a convention where cg_, is always negative while allowing

for both signs of tan 8, which is equivalent to employing Eq. (5.4) with ¢ = +1 [in

light of Eq. (2.48)].

5.3 Coupling Modifiers in the CP-conserving A2HDM

Formally, the CP-conserving 2HDM is defined such that the only source of
CP violation enters via the nontrivial phase of the CKM matrix K that appears in
the respective interactions of the W* and the H¥ with fermion pairs. In particular,
in the CP-conserving 2HDM, the flavor-alignment parameters are real.

In the CP-conserving A2HDM, the couplings of the h, H, and A to fermions
are very similar to those of the SM, but augmented by simple functions of the

F

alignment parameters a*, cos(f — «), and sin(5 — «). We call these functions, which
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are obtained from Eq. (5.4), the A2HDM coupling modifiers, and denote them by

fo,r (for F =U,D,E),

Ihp = Sg-—a — |Cﬂ—a|aF, (5.11)
fup = —lcs—al + sp—aa”, (5.12)
fap =—epa®, (5.13)

after absorbing the factors of € into the definitions of the corresponding scalar fields.
Cross sections and branching ratios can be computed in the A2HDM by taking an
otherwise SM-like calculation, replacing mj; = 125 GeV with the mass of the scalar
under study, and using the coupling modifiers appropriately. In the case of the
pseudoscalar A, one must also insert a factor of iy5 into the SM-like calculation.
We utilize the public code SusHi [53] to compute gluon-gluon fusion and
b-associated Higgs boson production cross sections. We use the SusHi SM setting
with mg = myp, mpg, or my (and the pseudoscalar setting for the A). For the gluon-
gluon fusion production mode, we neglect the first and second generations of quarks
due to their insignificant couplings to the Higgs bosons. We then toggle the top and
bottom quark couplings on and off to obtain the the total cross section o(gg@)tot, the
contribution from top loops only ¢(gg®):, and the contribution from bottom loops
only o(gg¢),. Equipped with these factors, we extract the interference term by

subtracting the top loop and bottom loop contributions from the total cross section

Otot,

0(999)int = 0(999)tot — 0(999)t — 5(990)s, (5.14)

The gluon-gluon fusion production cross sections for Higgs bosons in the CP-conserving

A2HDM are then obtained by inserting the appropriate coupling modifiers to the
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Figure 5.1: Feynman diagrams of the (a) gluon-gluon fusion and (b) b-associated
Higgs boson production mechanisms. Cross sections in the A2HDM are calculated
by modifying the SM calculation by inserting the appropriate coupling modifier at
the vertex on the right, and replacing the mass of the SM Higgs boson with m.

top, bottom, and interference terms,

o(g9®) aztiom = 0(998)¢(f5,0)* + 0(990)s(f5.0)* + 0(990)int (fo,u) (fo,0)- (5.15)

as can be deduced by inspecting the Feynman diagram shown in panel (a) of Fig.
In that diagram, the vertex on the right adopts a coupling modifier fys r in the
A2HDM relative to the SM vertex factor. The b-associated production cross sections
are also computed using the SM mode of SusHi and adjusted to the A2HDM by

inserting the coupling modifier,

(g9 — bbg) azupm = (g9 — bbd) (f4.0)>. (5.16)

as can be deduced from panel (b) of Fig. SusHi implements the five-flavor
scheme for the b-associated production mechanism. In this scheme, the top quark
is treated as being sufficiently heavy to decouple from the b-associated cross section
calculation. This assertion is justified by the fact that top quark contributions
only enter the calculation at loop-order, which are suppressed compared to the five
lighter quarks. The bottom quark and its associated parton distribution functions
are included in the five-flavor scheme.

We then compute partial and total decay widths, and hence branching ra-

tios, using our modified version of the public code 2HDMC [54], which was designed
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to perform calculations in the CP-conserving 2HDM. We extended 2HDMC to also
handle A2HDM Yukawa coupling matrices. Finally, we can multiply our produc-
tion cross section results by our branching ratio results to obtain predictions for
the number of events expected for a given process, for any point in the A2HDM
parameter space. Using this computational framework, we can also compute many
of the relevant constraints and compare the results with experimental limits to test

the validity of all points in the A2HDM parameter space that we probe.
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Chapter 6

Hints of Heavy Scalars at the LHC

Particle collider experiments provide a methodology for measuring what
physical particles exist and their properties, such as their masses and interactions
with one another. To discover a new particle, there must be overwhelming evidence,
beyond any reasonable doubt, that a state at a particular invariant mass caused an
excess of events over background in a detector. These excesses are called resonances,
or peaks, due to their appearance in plots with the invariant mass of the collision on
the z-axis and production cross section times a decay branching ratio on the y-axis.
A particle discovery can only be claimed when the statistical significance of a peak
is 5 standard deviations or more (corresponding to a p-value of less than 0.00006).
The excesses we consider in this chapter are far less significant than discoveries, yet
they are large enough to require our attention and scrutiny. In the literature, the
word anomalies is sometimes used to refer to excesses, but this terminology implies
a more convincing signal of higher significance than we investigate, so we avoid this
term altogether.

Given that the LHC is searching broadly for new scalars, it is not im-

probable that a few excesses of a few sigma will appear from upward statistical
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fluctuations. These excesses could be interpreted as local hints of signals above ex-
pected SM backgrounds, but due to the look elsewhere effect, the global significance
is far less. For example, a local excess with a significance of 3o typically corresponds
to a global significance between 1o and 20.

The ATLAS and CMS Collaborations have performed dedicated searches
for new elementary scalar bosons, which if discovered would need a theoretical frame-
work to explain their existence. Any experimental indication of new neutral or
charged (or both) scalars would motivate models with an extended Higgs sector.
The simplest way to extend the Higgs sector and obtain new scalar phenomena is to
add a second hypercharge one electroweak Higgs doublet, as in the 2HDM. In this
chapter, we present the most suggestive excesses in LHC data that could potentially
be hints of BSM neutral scalars, and we interpret them as though they are hints of
signals arising from A2HDM states.

While we cannot definitively determine whether a small excess is due to
a statistical fluctuation or hints of a new state, we prudently argue that a new
scalar would initially appear as a small excess in ATLAS and CMS searches. If the
excess is in fact due to a new state, the significance excess will grow as more data
is accumulated. If we study one excess at a time, it is likely that it proves to be a
statistical fluctuation. However, if we can explain two excess at once within a model
framework, then it is more plausible that both excesses arise from new states in that
model. We devise two scenarios in which more than one excess can be simultaneously
described by the same A2HDM parameter point, making it more plausible that they
arise from BSM scalars rather than two independent statistical fluctuations.

If one peruses the literature in search for hints of new scalars, they will

find an underwhelming number of reports with significant deviations from the SM.
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However, there are a few reports of excesses significant enough that they should be
thoroughly investigated before throwing in the towel. These reports display their
measurements in the form of exclusion limit plots, which one can use to eliminate any
model that predicts a cross section times branching ratio larger than the observed
limit at a given invariant mass.

Our procedure for finding hints of new scalars in LHC data goes as follows.
First, we find papers that show an excess in an exclusion plot for a certain production
and decay channel at a specific invariant mass. The excess is a place where the
observed exclusion limit greatly exceeds the expected exclusion limit. This means
that the experiment thought it would be sensitive enough to rule out cross sections
times branching ratios of a particular value, but an excess in data caused the actual
limit to be somewhat higher. In cases in which the expected and observed limits
differ significantly, we interpret the deviations as being sourced by new scalar states
in the CP-conserving A2HDM. We do not claim to have discovered these particles;
instead, we find this approach instructive about 2HDMs and the possible nature of
Yukawa couplings.

If one tries to explain the pairs of excesses we studied within the standard
Zr-symmetric 2HDM types, the parameter space is too restrictive to accommodate
them in most cases. This is one motivation for extending our Yukawa couplings
beyond those of the common Zs-symmetric 2HDMs, and considering the A2HDM
instead. One benefit of this flavor-aligned approach is that it allows experiment to
determine whether the models with symmetry based Yukawa coupling restrictions
are viable. We show that there are regions of A2HDM parameter space available
which can describe multiple Higgs excesses simultaneously. In one case, two ex-

cesses can be explained by a Zis-symmetric 2HDM, however there is a wide region

53



72
A
2NN

g b

Figure 6.1: Feynman diagram of the process in which the ATLAS Collaboration
reported an excess with a local (global) significance of 3.1 (1.3) standard deviations at
(ma,mpg) = (610,290) GeV in Ref. [27]. The process is a CP-odd scalar A, produced
via gluon-gluon fusion, decaying into a Z boson and CP-even H. Subsequently, the
Z decays into leptons and the H into a pair of b quarks. We interpret this excess as
arising from states in the CP-conserving A2HDM, and denote it as Scenario 1.

of A2HDM parameter space that can also describe that scenario, so there is no

preferential reason to settle on Zs-symmetric models.

6.1 ATLAS A — ZH Excess

The first excess we introduce was reported by the ATLAS Collaboration,
based on 139 fb~! of data. The signal is interpreted as the simultaneous observation
of two heavy scalars [27]. The process entails the CP-odd pseudoscalar A being
produced via gluon-gluon fusion (g9 — A), which then decays to a Z boson and a
CP-even H (A — ZH). The Z is detected via leptonic decays (eTe™ and p*p~) and
the H decays directly via H — bb. The ATLAS Collaboration writes: “The most
significant excess for the gluon-gluon fusion production signal assumption is at the
(ma,mp) = (610,290) GeV signal point, for which the local (global) significance is
3.1 (1.3) standard deviations.”

The ATLAS heat plots provided in Fig. 9 of Ref. [27] yield a 95% CL upper
limit of o x BR(A — ZH) x BR(H — bb) < 0.08 [0.03] pb observed [expected] for
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(ma, mp) = (610, 290) GeV. These ATLAS limits were obtained with the using the
Mac Digital Color Meter application. We will study this suggestive excess, denoted
as Scenario 1. In this scenario, we interpret the ATLAS excess in the ¢*¢~bb channel
as having arisen from heavy neutral scalar states in the A2HDM where o x BR(A —
ZH) x BR(H — bb) ~ 0.06 4+ 0.02 pb for my = 610 GeV and my = 290 GeV.
We pick this range in accordance with the experimental uncertainties and so that
we do not violate the exclusion limit, while requiring the A2HDM parameter points
to produce an excess. In this scenario, all neutral Higgs boson masses are fixed,
whereas the charged Higgs mass will be taken as a free parameter for which we will
scan a broad range of values.

The ATLAS Collaboration has also searched for evidence of the A — ZH
process in the ¢*¢~bb channel, where the A is produced in association with bb. In
contrast to the gluon fusion channel, only a small excess is seen for (ma, mpg)
= (610, 290) GeV [27] in the b-associated production channel, corresponding to
a 95% CL upper limit of 0 x BR(A — ZH) x BR(H — bb) < 0.05 [0.03] pb
observed [expected]. We impose this 95% CL upper limit constraint on our A2HDM
interpretation of Scenario 1. On the other hand, the ATLAS Collaboration reports
that “for b-associated production, the most significant excess is at the (ma, mpg)
= (440, 220) GeV signal point, for which the local (global) significance is 3.1 (1.3)
standard deviations.” The heat plots provided in Fig. 9 of Ref. [27] yield a 95%
CL upper limit of ¢ x BR(A — ZH) x BR(H — bb) < 0.15 [0.07] pb observed
[expected] for (ma, mpy) = (440, 220) GeV. However, if one were to interpret this
latter excess as an A2HDM signal where ma = 440 GeV and my = 220 GeV with
a cross section of order 0.1 pb, then in the A2HDM parameter regime of interest

one would predict a production cross section for gg fusion production of A that is
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excluded by Fig. 9(b) of Ref. [27]. Thus, we shall henceforth assume that the ATLAS
excess in the b-associated production channel at the (ma, mpy) = (440, 220) GeV
signal point reported in Ref. [27] is a statistical fluctuation.

Finally, in a recent paper, the ATLAS Collaborations reports on a search for
gg — A — ZH where H — hh and both final state Higgs bosons decay to bb [39]. No
excess is seen in this channel for (m 4, mg) = (610, 290) GeV, corresponding to a 95%
CL upper limit of o x BR(A— ZH — Zhh— Zbbbb) < 10 [8] fb observed [expected).
These results are obtained from the heat plots provided in Fig. 9 of Ref. [39], under
the assumption that the width of A is narrow compared to the experimental mass
resolution. Again, we shall assume that the most significant excess observed for a

somewhat higher value of m4 in this search channel is a statistical fluctuation.

6.2 A or H at 400 GeV

Other interesting excesses have also been observed in the search for a scalar,
with a mass of 400 GeV. For example, the ATLAS Collaboration conducted a search
for a heavy scalar that decays into 777~ [28]. Two possible production mechanisms
were considered: gluon-gluon fusion (ggF) into a heavy scalar (singly produced)
and the production of a heavy scalar in association with a bb pair (bbg). Employing
139 fb~! of data and scanning over possible scalar masses, the ATLAS Collaboration
concluded that “for ggF, the lowest local pg, the probability that the background
can produce a fluctuation greater than the excess observed in data, is 0.014 (2.20)

at mg = 400 GeV, while for bb¢ production it is 0.003 (2.7¢0) at my = 400 GeV.”
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Figure 6.2: Feynman diagram of the processes in which the ATLAS (gg— A, bbA—
7t77) and CMS (g9 — A — tt) Collaborations reported excesses. The processes
are a CP-odd scalar A, produced via gluon-gluon fusion or b-associated production
decaying into two 7 leptons.

The best fit point at my = 400 GeV corresponds roughly to [29]:

Oger X BR(¢ — 7777) = 20737 b, (6.1)

oy X BR(¢p — 7777) =~ 38730 fb, (6.2)

where the error bars correspond to a region of 68% CL. These results are gathered
from the ellipses in the two dimensional planes of oggp X BR(¢—7777) vs. oppg X
BR(¢—7777) as shown in Fig. 08 of Ref. [29]. These results were found in ancillary
material and did not appear in the actual paper. The ATLAS analysis does not
distinguish between a CP-even scalar H and a CP-odd scalar A, so we interpret it
as either one.

The CMS Collaboration has also searched for a heavy scalar that decays

T7~ and does not see any excess [31]. Employing 138 fb~! of data, maxi-

into T
mum likelihood estimates and 95% CL contours obtained from scans of the signal
likelihood are provided in Fig. 11 of Ref. [31] for selected values of the scalar mass.
Although the 95% CL contours for mg = 400 GeV are not given, we can interpo-
late between two mass values provided (mg = 250 and 500 GeV) by making use of
the observed 95% CL upper limits on the product of the cross sections (ggF and

bbp) and branching fraction for ¢ — 777~ as a function of m, shown in Fig. 10 of

Ref. [31]. We then obtain an approximate 95% CL exclusion contour in the plane of
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myg ma A2HDM interpretation

of the excess of events

Scenario 1 | 290 GeV | 610 GeV g9 — A — ZH,
where H — bb and Z — £t4~ [27]

g9 — A — 117 |29]
Scenario 2 | > 450 GeV | 400 GeV gg — bbA, where A — 777 |29
g9 — A —tt [30]

Table 6.1: Scenario 1 is based on an ATLAS excess of events with a local (global)
significance of 3.1(1.3)o, where the observed lepton is £ = e, u. Scenario 2 is based
on an ATLAS excess of 777~ events with an invariant mass of around 400 GeV,
with local significances of 2.7¢ in the gg fusion production channel and 2.2¢ in
the b-associated production channel. The CMS Collaboration sees no excess, but
still leaves some room for a possible signal. The ATLAS data does not distinguish
between H and A production. However, the CMS excess of tt events with an invari-
ant mass of around 400 GeV, with a local (global) significance of 3.5(1.9)c, favors
identifying the excess at 400 GeV with A production.

0ger BR(¢—7777) vs. oppeBR(¢— 7177 for my = 400 GeV, which is exhibited by
the dashed contour in Fig. (see Section @ In particular, the 95% CL exclusion

contours intersect the x and y axis at the following values:

OgeF X BR(¢p — 7777) <40 b at 95% CL, (6.3)

opbe X BR(¢ — 7777) <40 b at 95% CL. (6.4)

To obtain Egs. and from Fig. 10 of Ref. [31], we have multiplied the
latter results by (5.99/3.84)'/2 (see Table 40.2 of Ref. [24]), which yields the 95% CL
values for the x and y axis intercepts of the two-dimensional contour. These results
still leave room for the possibility that the ATLAS excess in the 777~ channel
could correspond to a real signal. Meanwhile, the CMS Collaboration has also
searched for a heavy CP-even scalar or a heavy CP-odd scalar, or both, decaying
into ¢t [30]. Based on 35.9 fb~! of data and scanning over a range of masses,
the CMS Collaboration concludes that “a moderate signal-like deviation compatible

with an A boson with a mass of 400 GeV is observed” with a local significance of
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3.5 £ 0.3 standard deviations. Taking the look-elsewhere effect into consideration,
the CMS Collaboration quotes a global significance of 1.9 standard deviations, which
corresponds to a p-value of 0.028.

Taken together, the ATLAS and CMS results quoted above suggest a second
scenario of interest, which we call Scenario 2. In this scenario, we interpret the
ATLAS excess in the 777~ channel and the CMS excess in the t# channel as having
arisen in the A2HDM where my4 = 400 GeV. We take myg > 450 GeV to avoid
the possibility of both H and A contributing to the 777~ and ¢t excesses. Smaller
values of mp are excluded based on the ATLAS search for g9 — A — ZH |27]. The
two A2HDM scenarios introduced above are summarized in Table [6.1]

Other extended Higgs model interpretations of the 777~ and tf excesses
described above have been previously considered in the literature. Both the 777~
and tt excesses were suggested as possible evidence for a CP-odd Higgs boson of
mass 400 GeV in Refs. [40-42]. In particular, the analysis of Ref. [40] interprets
the 777~ and tf excesses without specifying the extended Higgs sector model (along
with a comment that these excesses cannot be accommodated by the Higgs sector
of the MSSM). See also Ref. [43] for a follow-up to the results initially reported in
Ref. [40], which invokes an extended Higgs sector with SU(2)y triplets |70]. The
authors of Ref. [41] employ an enlarged composite Higgs sector where the observed
Higgs boson is identified as a pseudo-Goldstone boson state. Finally, the CP-odd
scalar of mass 400 GeV is interpreted in the context of an extended Higgs sector
consisting of two SU(2), doublets and an SU(2), singlet. More recently, the authors
of Ref. [44] assert that it is possible to accommodate the ATLAS 77~ excess in a

Type I 2HDM while at the same time explaining the muon g — 2 anomaly [45].
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Chapter 7

Parameter Scans

We performed parameter scans to probe the CP-conserving A2HDM pa-
rameter space for regions which predict the excesses of events for Scenarios 1 and 2
(as described in Chapter @ and are otherwise consistent with other measured ob-
servables pertaining to Higgs physics. A generic point in the CP-conserving A2HDM

parameter space is uniquely specified by the following set of real parameters,
U, Mp, My, MA, My=+, ’CB,a’, Z27 Z37 Z77 an aDa aE‘ (71)

As indicated in Eqgs. —, the masses of h, H, and A can then be used to
obtain Zy, Z4, Z5 and |Zg|. In Scenario 1, after fixing v, my, my and m 4, we scan
over the remaining parameters. In Scenario 2, my is not fixed so we must scan over
this parameter as well. Phenomenologically, the parameters Z; and Zs only appear
in the Higgs self couplings, so one could set them equal to one another in order to
scan over one less parameter; we however let them vary independently.

Given the dimensionality of the parameter space, it would take an extraor-
dinary amount of computing time to probe the entire parameter space. There are

large regions of parameter space which are excluded by theoretical or experimental
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(or both) constraints, so we can perform a more efficient scan by first imposing a
variety of preemptive conditions before calculating observables of interest. The most
important constraints in our two scenarios, which were introduced in Chapter [3] of

Part 1, are given below:

1. Stability, Unitarity, and Perturbativity — Enforcing tree-level unitarity on in-
teractions between Higgs bosons and gauge bosons places upper bounds on a
set of equations involving the Higgs basis scalar potential parameters Z;. Due
to the complexity of these formulae, we impose this constraint numerically
after performing parameter scans [23,/46,47]. To ensure our models are per-
turbative, we require the quartic couplings in the scalar potential such that
|Z;| < 4m. Applying this restriction before performing a parameter scan can

make the scan far more efficient.

2. Higgs Signal Strengths (u{ ) — The lightest Higgs scalar h must be SM-like and
have properties consistent with the current data, which forces ,ulf 1, where u{
is the ratio of the h cross section times branching ratio into a particular final
state computed in the A2HDM and SM. In particular, we check that the Higgs
signal strengths are within the experimental errors for vy and ZZ, and within
two times the experimental errors for WTW~, 777~ and bb. We use the
Higgs signal strength limits to place bounds on the magnitudes of the A2HDM

coupling modifiers | fy r|.

3. Oblique T-parameter — Precision electroweak data provides the most stringent
constraint on the A2HDM parameters [48] via the experimental measurements
of the oblique parameter T'. In particular, we impose the requirement that 7" is

within 20 of its central value as reported in Ref. [24]. Imposing this constraint
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restricts the possible values of the charged Higgs mass and forces my+ to be
within about £60 GeV of either m 4 or my. this limit causes two bands of

allowed charged Higgs masses.

. b = sy — In almost all of the parameter space in our scenarios, the most
constraining heavy flavor observable is derived from the observed B — X v
decay. We apply this constraint via calculating the difference between the rates

for b — sy SM and A2HDM.

. AMp, — Data for B,—B, mixing provides an additional constraint that limits
the value of |a| as a function of the charged Higgs mass, but it is only more
restrictive than b — sy constraints in an insignificant number of parameter
points in the scanning region of interest. In particular, within the parameter
intervals exhibited in Table a rough upper bound of |aV| < 1 was obtained
[although this value can be lower for charged Higgs masses below 500 GeV
as shown in Fig. a)], whereas no constraint on a” was obtained in the
scanning region of interest. As a result, the excluded region of the A2HDM
parameter space due to the constraint on AMp_ roughly coincides with the
corresponding excluded region of the Type-1 2HDM in the mg+ vs. tan 8 plane
exhibited in Fig. 8 of Ref. [51] after identifying tan 8 = 1/|aV|. However, in
the A2HDM parameter space, imposing the AMp_ constraint can eliminate a
small region of parameter space with values of [a¥| > 1 that otherwise would

be allowed by the b — sy constraints shown in Fig. 3.1 CHECK

. LHC Searches for BSM Scalars — Numerous other searches for new elemen-
tary scalar states at the LHC have been performed by the ATLAS and CMS

Collaborations. We have checked that the 95% CL upper limits obtained in
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Parameter Intervals Scanned

lcs—al 0, 0.45
Z 0,4.5
Z3 —2,12
Zy —-10, 10
Myt 200, 1000 GeV
aV —1.5,15
aP —50, 50
a® —50, 50

Table 7.1: Parameter intervals scanned in the analysis of Scenarios 1 and 2.

all these searches are satisfied by A2HDM parameter points which predict the

excesses in each scenario.

Having imposed all the conditions listed above, we scan values of |cg_q|
from 0 to 0.45 to keep the Yukawa couplings roughly within 20% of their SM model
values (in light of the precision LHC Higgs data). The parameter Z7 only enters
Hhh and HHTH~ couplings multiplied by c%_ o Which is extremely small for most
of the valid points in the scan. Hence, our results are quite insensitive to the choice
of Z7. As noted above, the charged Higgs mass must be nearly degenerate in mass
with m 4 or mpy due to the T parameter constraint. We also require that mgy+ >
my¢ + my, (thereby avoiding the possibility of an on-shell ¢ — H'b decay, which is
not observed at the LHC). Hence, we initially allow for values of my+ in the range
of [200,1000] GeV. We scan over up-type Yukawa coupling parameters aV between
—1.5 and 1.5 and down- and lepton-type Yukawa coupling parameters a” and a”
between —50 and 50, which ensures the absence of Landau poles significantly below
the Planck scale [52]. A summary of the parameter intervals employed in our scans

is presented in Table [7.1]
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Chapter 8

Scenario 1: my4 = 610 GeV, my = 290

GeV

In Scenario 1 we consider the CP-conserving 2HDM with a CP-odd scalar
mass of my = 610 GeV and two CP-even scalars with masses my = 290 GeV and
myp, = 125 GeV, where h is identified as the Higgs boson observed in LHC data. This
scenario is motivated by a slight excess of events over the expected backgrounds in
the ATLAS search for gluon-gluon fusion production of a CP-odd scalar A followed
by its decay to ZH, with the subsequent decay of H — bb and Z — (T4~ ({ = e,
w). Using the results of Ref. [27] and the 95% CL upper limits reported therein, we

propose that the excess of events must lie in the range of,
0.04 < o(g9g — A)BR(A — ZH)BR(H — bb) < 0.08 pb. (8.1)

In contrast, no significant excess was seen by the ATLAS Collaboration for (ma, mg) =
(610,290) GeV in the Zbbbb final state that can arise either via the b-associated pro-
duction process gg — bbA where A — ZH — Zbb, or via g9 - A — ZH — Zhh —
Zbbbb, as discussed in Section

A separate search for the gluon fusion production of a CP-even scalar H
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also did not yield any significant excesses. For example, the ATLAS Collaboration
reported in Ref. [55] a 95% CL upper limit for o(9g9 — H — hh) < 0.241 pb for
myp ~ 290 GeV. The corresponding limit obtained by the CMS Collaboration in
Ref. [56] is nearly identical to the quoted ATLAS result.

In this chapter, we show our results of probing the A2HDM parameter
space that is consistent with the Scenario 1 interpretation of the ATLAS excess

specified in Eq. (8.1]), subject to the following conditions,

o(gg — Abb) BR(A — ZH)BR(H — bb) < 0.05 pb, (8.2)
o(gg — A)BR(A — ZH)BR(H — hh — bbbb) < 0.01 pb, (8.3)
o(99 — H)BR(H — hh) < 0.241 pb, (8.4)

obtained from the 95% CL upper limits reported in Refs. [27)39,55], respectively.

8.1 A2HDM Interpretation of Scenario 1

In Fig. We show points in a plane of signal rates of gg — A — ZH — Zbb
and gg — H — hh obtained by scanning the A2HDM parameter space. All points
respect the theoretical and experimental constraints discussed in Section [7} The
points in the red box also satisfy the conditions specified in Eqgs. f. Fig.
shows that we can accommodate the gg — A — ZH — Zbb signal while remaining
consistent with gg — H — hh data and all other constraints.

To gain understanding of the expected cross sections involved in Scenario
1, we can approximate the cross section calculations and see how they scale with the
alignment parameters a¥ and a”. In the gluon-gluon fusion production mode, we
can neglect the term arising from interference of ¢ and b quarks, which contribute

less than a 5% of the total. By using the program SusHi [53] to accomplish this,
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Scenario 1 - my = 610 GeV, M= 290 GeV
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Figure 8.1: Signal rates for the production of A and H in Scenario 1. The A2HDM
parameter generation complies with all theoretical and experimental constraints elu-
cidated in Section[7] Events inside the rectangular box with red boundaries are con-
sistent with the conditions specified in Eqgs. 7, which correspond to a small
excess of events reported in Ref. [27] and interpreted as gg — A — ZH — bbl™ 4~
(with no significant excess in the corresponding b-associated production of A), and
with the nonobservation of gg —+ H — hh derived from the 95% CL upper limits
obtained in Refs. [55,56].

using the procedure described in Section [5.3] we obtain:

o(gg — A) ~ 2.85]aV|? pb, o(gg — H) ~ 10.28|a"|? pb, (8.5)

o(gg — bbA) ~ 1.11]aP|? fb, o(gg — bbH) ~ 26.98 |a”|* fb. (8.6)

In Fig. [8.2(a), we exhibit the three main decay channels of A in Scenario 1.
One of the experimental constraints that has been applied derives from the search
for A — tt reported by the CMS Collaboration in Ref. |30]. Indeed, the latter
constraint rules out any points to the right of the dashed line shown in Fig. 8.2(b).
In light of Fig. (a), A — ZH is a dominant decay channel for the CP-odd scalar

in Scenario 1 if |aY| < 1.
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Scenario 1: Branching Ratios of A
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Figure 8.2: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Egs. f. Panel (a) shows the branching ratios for the decay
of A into its dominant final state channels, and panel (b) shows the total A width
divided by its mass, as functions of |aV|. Applying the 95% CL upper limit for
o(gg — A — tt) reported in Ref. eliminates points to the right of the dashed
line shown in panel (b) from further consideration. The two distinct branches of a
given color of points correspond to the cases where the decay A — W*HT is either
kinematically allowed or disallowed.
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Scenario 1: H Branching Ratios
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Figure 8.3: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the

constraints of Egs. (8.1)—(8.4). Panels (a) and (b) exhibit the branching ratios of
the four main H decay channels as functions of |aV| (allowing a” to vary) and |a”)|

(allowing a¥ to vary), respectively.
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In Fig. [8.3] we exhibit four of the dominant H decay channels: H — bb
(blue), H—WTW~ (red), H—7"7" (green), and H —hh (yellow). The H— ZZ
channel would also have a significant decay fraction, but the H — WTW~,Z2Z
branching ratios are related via constant phase space factors so that BR(H —
WW) ~2.23BR(H — ZZ), so it is sufficient to display results for W+ W~ only.

For example, using Eq. it follows that if |aV| ~ 1 then BR(H — hh)
cannot be larger than about 2% in light of Eq. (8.4), as shown in Fig. [8.3|a). For
example, Eq. implies that for values of |aV| ~ 1, a signal of about 0.06 pb in

the channel gg— A— ZH — Zbb can be achieved with BR(H — bb) ~ 5%.
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Scenario 1
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Figure 8.4: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Egs. (8.1)-(8.4). Panel (a) show the allowed values of the flavor-
alignment parameter a” as a function of |cos(3—a)| and panel (b) shows the charged
Higgs mass as a function of a”.
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We now proceed to analyze more closely the A2HDM parameter space that
can describe Scenario 1. The scatter plot in Fig. 8.4(a) indicates that |cg_,| < 0.07,
which is very close to the Higgs alignment limit, as a consequence of the precision
Higgs data as discussed in Section[3.2] We see there is no preference in Scenario 1 for
a specific sign of the alignment parameter a”. The range of a” consistent with the
ATLAS excess in gg — A at (ma, my) = (610,290) GeV is roughly 0.18 < |a”| <
8.2. In particular, both very small and very large values of |a”| are excluded. Both
regimes can be understood as follows. From Eq. , we see that the down-quark

coupling modifier for H is
fH,d = —E(’66,a’ + SﬁfaaD) . (87)

This means that in the approximate Higgs alignment limit of the A2HDM, where
lcs—a| < 1, the coupling modifier fgq will grow with aP. Consequently, a” ~ 0
is excluded, since the A signal excess depends on a branching ratio of the decay
H — bb that is not too small. On the other hand, for very large absolute values of
la”|, both BR(H — bb) and o(gg — Abb) become too large to be consistent with
the constraints exhibited in Egs. f.

The allowed regions of the charged Higgs mass are exhibited Fig. [8.4(b).
The charged Higgs mass is constrained to lie either in the interval 575 < my+ < 665
GeV or 220 < mpy+ < 330 GeV. These ranges could be anticipated following the
discussion of precision electroweak constraints in Section In particular, since
there is a sizable mass splitting between H and A in Scenario 1, in order for the
oblique T" parameter to be suitably small in the approximate Higgs alignment limit,
it is necessary for the charged Higgs mass to be roughly degenerate in mass with

either A or H.

71



The parameter points in Scenario 1 must also be consistent with the non-
observation of H and A production and subsequent decay in other search channels
examined by the ATLAS collaboration in their analysis of the Run 2 LHC data. In
particular, for (m4, mg) = (610,290) GeV, there is no experimental evidence (yet)
for H and A production followed by the subsequent decay of the scalar into other
final states, such as ZZ, WtW~, 777~ and ~v.

The ditau channel is one of the main search channels for new scalars, and
there are stringent constraints from LHC Run 2 data. In particular, we can use the
results of the ATLAS Collaboration reported in Fig. 08 of Ref. [29] to determine
whether mpy ~ 290 GeV and/or my ~ 610 GeV might not have already been
excluded by existing ditau data.

We begin by examining the implications of the ditau data for the production
of H. In Fig. m (a), we show the results of a scan over A2HDM parameter points
in Scenario 1 that satisfy the theoretical and experimental constraints elucidated
in Section [7| and the constraints of Eqs. f. Although most of these points
survive, some of them are excluded by the ATLAS search for H — 7t7~. In
particular, applying the limits reported by the ATLAS Collaboration in Ref. [29] for

myp = 300 GeV, we find that at the 1o exclusion level,

o(gg — H)BR(H — 7777) <120 fb, (8.8)

o(gg — bbH)BR(H — 7777) <70 fb. (8.9)

The exclusion limits of Egs. (8.8)) and correspond to the vertical and the hori-
zontal red lines, respectively, of Fig.|8.5| (a). Thus, all points exhibited in Fig.|8.5| (a)
that lie below the horizontal red line and to the left of the vertical red line are consis-

tent with the exclusion limits obtained in Ref. [29]. After excluding the points that lie
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above the horizontal red line and/or to the right of the vertical red line in Fig.|8.5(a),
we increased the scanning statistics to obtain the plot of o(gg — H)xBR(H — ZZ)
as a function of cos( — a) shown in Fig. [8.5(b). The horizontal green line shown in

Fig. |8.5(b) corresponds to the 95% CL exclusion limit,
o(gg — H)BR(H — ZZ) < 0.1 pb, (8.10)

reported by the ATLAS Collaboration in Ref. [57]. Note that the points that lie
below the horizontal green line of Fig. [8.5(b), which take into account the constraint
of Eq. , satisfy cos(8 — a) ~ 0.045. Imposing similar constraints from the
exclusion limit for o(g9 — H — W1W ™) obtained in Ref. [58] does not eliminate
additional points from the A2HDM scan exhibited in Fig.[8.5

The ditau exclusion limits of Egs. and have implications for
the flavor-alignment parameter a, as exhibited in Fig. (a). In particular, after
applying all the relevant constraints, |a” | <5, where the precise upper bound can
be even more restrictive depending on the value of |aV|. Note that the A2HDM
parameter space of interest is insensitive to the sign of aV. This is a consequence of
the fact that precision Higgs data is compatible with either sign of V. In light of

the top quark Yukawa modifier,
ot = Sg—a — !Cﬁ—a!aU, (8.11)

we see that due to the constraint on cg_, exhibited in Fig. [8.5(a) and the upper
bound of |aV| < 1.0, it follows that fnt =~ 1, regardless of the sign of aV. We scanned
over values of aV such that |aV| < 1.5 in order to avoid a Landau pole significantly
below the Planck scale. As noted in Section the constraint of AMp, reduces
this upper bound to roughly |aV| < 1 (with a weak dependence on the charged Higgs

mass). A second feature that is evident from Fig. [8.6{a) is the existence of a lower
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bound, |aV| > 0.11. This arises from the fact that the gluon fusion production cross
section of A relies on the Atf coupling that is proportional to aV [cf. Eq. ]
Thus, to be consistent with Eq. , \aU\ cannot be arbitrarily small.

Next, consider the implications of the ditau data for the production of A.
In particular, applying the limits reported by the ATLAS Collaboration in Ref. [29]

for m4 = 600 GeV, we find that at the 20 exclusion level,

o(gg — A)BR(A — 7777) <125 b, (8.12)

o(gg — bbA)BR(A — 7777) < 4.5 fb. (8.13)

No further reduction of the A2HDM parameter space follows after imposing the
A — 777 exclusion limits of Egs. and . In particular, the red parameter
points of Fig. (b) lie considerably below the ATLAS exclusion limits quoted above,
which is not surprising given that the 777~ decay mode is subdominant. Indeed, in
light of Fig.[8.2{(a), if mg+ ~ m4 then the dominant A decay channels are A — ZH
and A — tt, which account for more than 99% of all A decays. As expected, the
branching ratio for A — ¢t increases with \aU\, since the Att coupling is proportional
to aV. Moreover, as illustrated in Fig.[8.2{(b), the total width of A also increases with
|a|. In Scenario 1, an experimental upper limit on |a| can be deduced based solely
on the absence of evidence for A — ¢t for my = 610 GeV, as reported in Ref. [30]
by the CMS Collaboration, where the region of |aV| > 1.2 is excluded. However,
after applying the full constraints of the Scenario 1 parameter scan, the results of
Fig. (a) imply a somewhat stronger constraint of |aV| < 0.9. Nevertheless there
is still room for a large enough value of |aV| to yield a sizable A — tf signal rate,

which therefore remains a tantalizing possibility to be probed in the near future at

the LHC.
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Having successfully accommodated the proposed signal of Scenario 1 [cf. Eq. ]
in the framework of the CP-conserving 2HDM, one can now propose additional Higgs
signals that could be discovered in future LHC searches. As an example, we can pro-
vide the possible values of the cross section that are consistent with the ATLAS data
excess given in Eq. for the gluon fusion production and the b-associated pro-
duction of H, followed by its decay into a pair of Higgs bosons, which are exhibited
in the plots shown in Fig. In particular, given that BR(h — bb) ~ 58%, the
b-associated production process would yield spectacular events with six b-quarks in
the final state.

Although the proposed signal of A — ZH specified in Eq. can be suc-
cessfully accommodated in the framework of the A2HDM, one can now ask whether
this signal is viable in two Higgs doublet models with natural flavor conservation.
In light of Egs. 7, the following four special cases of the A2HDM are of

interest:

1
Type-l:  a¥ =dP = d”, Type-X: aV =dP = -5 (8.14)
a
Type-ll: —— — a” = o” Type-Y: al = —— — oF (8.15)
ype-ll: ——5 =a” =a”, ype-Y: a” =-——p =a". :

In all four cases above, the corresponding conditions are a consequence of a Zsg
symmetry that is preserved by all dimension-4 terms of the Higgs Lagrangian. Con-
sequently, the condition Tz, = 0 must also be satisfied [cf. Eq. ]

To investigate whether the surviving points of the A2HDM parameter scans

presented above are consistent with any of the relations given in Egs. (8.14) and
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(8.15)), we introduce the following four quantities,

Ty =|1—a”/dV| + |1 — ¥ /aV| + T,
TXE‘l—aD/aU’—l—H—i-aEaU‘ + Tz,, (8.16)
Ty = ‘1+aDaU‘ + ‘1 —aE/aU‘ + 1z,,

Ty = [1+aPa| + |1 —a”/a"| + Ty, (8.17)

By design, Tt = 0 only for the Type-1 2HDM, Ty = 0 only for the Type-I11 2HDM,
Ty = 0 only for the Type-Y 2HDM, and Tx = 0 only for the Type-X 2HDM.

In light of Fig. B.4(b), my+ < 670 GeV for the A2HDM scan points that
satisfy all of the Scenario 1 constraints. However, as shown in Ref. [59], the con-
straint imposed by the b — sy measurement yields my+ 2 800 GeV in the Type-II
2HDM, and the same rough upper bound applies to the Type-Y 2HDM [51]. Hence,
Scenario 1 is incompatible with the Type-II and Type-Y 2HDM. In contrast, the
range of charged Higgs masses shown in Fig. [8.4(b) are not excluded by the b — sy
measurement in the Type I and X 2HDM [51]. Thus, we now explore whether or
not Scenario 1 is compatible with some range of parameters within the Type-I or
X 2HDM. In Fig. [8.8] we have plotted the values of T7 and T’x for those A2HDM
scan points that survive the theoretical and experimental constraints elucidated in
Section m and the constraints of Egs. f and Egs. f. Given that
the scan points of Fig. appear to be approaching the horizontal (Type-X) or
the vertical (Type I) axes, it seems plausible (with a higher statistics scan) that
Scenario 1 could be compatible within the Type-I and/or X 2HDM frameworks.
To investigate this possibility in more detail, we have performed dedicated Type-I
and Type-X scans for Scenario 1 and confirmed that it is indeed possible to fit all

Scenario 1 constraints in the Type-I 2HDM but not in the Type-X 2HDM.
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Type-I 2HDM | A2HDM

o(g99 — H)BR(H — 7777) < 90 fb <120 fb
o(gg — bbH)BR(H — 7777) < 0.26 fb < 70 fb
o(gg — A)BR(A — 7777) <1.6x102fh | <0.1fb

o(gg — bbA)BR(A — 7777) <6.1x1077fb | £0.05fb

Table 8.1: In the parameter scans subjected to all Scenario 1 constraints, the max-
imal values of o x BR is shown for four different production processes of neutral
heavy scalars that decay to 777~. Results in the case of the A2HDM are taken from
Figs. a) and [8.6(b). Results in the case of the Type-I 2HDM are obtained from
a dedicated scan.

The failure to find solutions within the Type-X 2HDM framework can be
attributed to the constraints of the H — 777~ decays. For all points that satisfied
the constraints of egs. (8.1)-(8.4), we obtained values of o(99 — H) BR(H — 7777
between 0.9 and 1.3 pb, in violation of the bound of eq. . In particular, imposing
the bounds of egs. f on the Type-X (and Type-I) scans require values of
1/aV = tanB 2 2, which implies that in the Type-X 2HDM we also have o =
tan 8 2 2. That is, the decay rate for H — 7777 is enhanced by a factor of tan? 3,
thereby producing values of o(gg — H — 7177) that exceed the observed upper
bound given in Eq. .

Although it is possible to accommodate Scenario 1 in a Type-I1 2HDM, more
flexibility is achieved by employing the generic A2HDM framework. For example,
in Table we exhibit the maximal o x BR for the production of H and A (either
via gluon fusion or via b-associated production) followed by the decay into 77 7.
If the Scenario 1 data excesses persist, the detection of the 777~ decay mode in
multiple channels would be inconsistent with a Type-I interpretation but could be
compatible in the more general A2HDM framework. This exercise illustrates the

advantage of employing the A2HDM in analyzing evidence for the production of
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new scalar states. In particular, the larger parameter space (relative to the special
cases of the A2HDM corresponding to Type I, II, X, and Y Yukawa couplings)
provides the freedom to independently vary the aV, a” and af flavor-alignment
parameters, thereby providing the A2HDM with greater flexibility in interpreting
different signals of heavy scalar production and decay.

If the proposed signal of Eq. is confirmed, then one should expect
to discover a charged Higgs boson either in the mass range of [220, 320] GeV or
in the range of [570, 670] GeV, as indicated in Fig. m There is an extensive set
of experimental results on searches for charged scalars in the literature. The most
recent results for charged Higgs boson searches at the LHC yield upper bounds on
o(pp— HT —tb) [60] and o(pp— H* —7v) [61]. We use the notation HT — tb to
mean either H+ —tb or H~ — tb and H* —7v denotes HY =77y, or H- =77 10,.)
We have computed the branching ratios for the charged scalar in the A2HDM,
and we have used the results of the LHC Cross Section Working Group [62] to
obtain the LHC production cross section for H* as a function of the A2HDM flavor-
alignment parameters. The A2HDM parameter space obtained in our analysis of
Scenario 1 abide by constraints derived from the non-observation of the charged
Higgs boson decaying to 7v. However, scans with higher values of [a¥| can produce
values of o(pp — H* — tb) that lie above the observed bound obtained by the
CMS Collaboration using 35.9 fb~! of data [60]. As a result, we obtain an upper
bound on |aV| that depends on the range of charged Higgs masses: |aY| < 0.5 for
my+ € [220, 320] GeV and |aY| < 1 for my+ € [570, 670] GeV. These bounds on
|aV| will improve when the full Run 2 dataset and future Run 3 data are analyzed,

with the real possibility of a discovery of the H* via its tb decay mode.
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8.2 A2HDM Benchmarks for Scenario 1

We present two benchmarks for Scenario 1 in Tables and chosen to
illustrate A2HDM parameter sets that would yield other heavy scalar channels that
could be probed in future runs at the LHC.

The parameters of the first benchmark (denoted Bla) corresponds to a CP-
conserving Type-1 2HDM, which is a special case of the A2HDM where the flavor-

D E _

alignment parameters are related according to Eq. (5.7) and satisfy aV = a a” =

¢/ tan 8, which defines tan 8 of the Type-I Yukawa sector. Adopting the convention
where tan (3 is positive then fixes € to be the (common) sign of the flavor-alignment
parameters. The parameters of benchmark Bla are displayed in Table For the
benchmark parameters shown in Table 8.2 the main production cross sections and

some of the relevant branching ratios for H, A and H* are exhibited in Tables

and [8.4
Benchmark Bla — Type-I 2HDM
mpg+ (GeV) | cos(f — a) Zs Z7 tan 3
650 —0.0013 2.27 | 0.58 4.0
Table 8.2: Parameters characterizing Benchmark Bla, for which m, = 125,

ma = 610 and my = 290 GeV. The corresponding A2HDM flavor-alignment pa-
rameters satisfy a¥ = a” = o = 1/tan ~ 0.25. Note that cos(3 — a) < 0 in
light of Egs. and . The parameter Z3 = 11.89 is obtained by imposing
the condition for a softly-broken Zs symmetric scalar potential by setting Tz, = 0

[cf. Eq. (5.6))].

The results of Tables and suggest a number of additional channels
that could yield possible discoveries in future LHC runs. The most promising channel
for H would be production either indirectly via gg — A — ZH or directly via
gg — H, with the subsequent decay of H — hh — bbbb. Upper bounds on the

former have been reported by the ATLAS Collaboration in Ref. [39], whereas upper
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o(gg — H) (pb) 0.65 o(gg — A) (pb) 0.18
o(gg — bbH) (pb) | 1.9x1073 o(gg — bbA) (pb) | 6.9x107°
BR(H — ZZ) 0.0053 BR(A — ZH) 0.94
BR(H — bb) 0.47 BR(A — tf) 0.057
BR(H — 7+77) 0.053 BR(A — bb) 1.9x107°
BR(H — hh) 0.023 BR(A — 7777) 2.0x107¢

BR(H — g9) 0.41 BR(A — H*WT) 0
Iy (GeV) 7x1074 T4 (GeV) 31.99

Table 8.3: Production cross sections and relevant decay branching ratios for H and
A in benchmark Bla.

o(gg — tbH*) (pb) 0.0078
BR(H* — tb) 0.040
BR(H* — 7%v) 2.0x1076
BR(H* — HWT) 0.96
[y= (GeV) 45.39

Table 8.4: Production cross sections and relevant decay branching ratios for H* in
benchmark Bla.

bounds on the latter have been presented by the ATLAS and CMS Collaborations
based on their resonant diHiggs searches [31,/63H65]. The most promising alternative
channels for A would be production via gluon fusion, with the subsequent decay to
ZH — (T07bb or to tt. Finally, the most promising channel for H* would be via tb
associated production, with the subsequent decay to HW®*. Upper bounds for this
process have already been established in Ref. [66].

To emphasize the difference between the Type-I 2HDM and a generic
A2HDM, we present a second benchmark in Table For the benchmark pa-
rameters shown in Table the main production cross sections and some of the

relevant branching ratios for H, A and H* are exhibited in Tables and
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Benchmark B1b — generic A2HDM

my+ (GeV)

|cos(B — a)

Zo

Z3

Z7

al

600

0.013

1.51

9.79

—0.20

0.20

1.75

3.50

Table 8.5: Parameters characterizing Benchmark B1b, for which m; = 125, m4 =
610 and myg = 290 GeV.

The results of Tables and suggest a number of additional channels

that could yield possible discoveries in future LHC runs. In addition to gg =+ A —

ZH and g9 — H, where H — hh — bbbb, as previously mentioned, it may be

possible to detect gg — bbH followed by H — bb, which would also yield a bbbb final

state but with different kinematics. The most promising alternative channel for A

would be production via gluon fusion,with the subsequent decay to tf, since there is

no longer kinematic access to HEWT. Finally, the most promising channel for H*

would again be via tb associated production, with the subsequent decay to HW=*.
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o(gg — H) (pb) 0.40 o(gg — A) (pb) 0.11
o(gg — bbH) (pb) | 0.096 o(gg — bbA) (pb) 0.0034
BR(H — Z7) 0.015 BR(A — ZH) 0.96
BR(H — bb) 0.61 BR(A — t1) 0.036
BR(H — 7F77) 0.28 BR(A — bb) 9.47x1074
BR(H — hh) 0.053 BR(A — 7777) 4.95x10~%
Ty (GeV) 0.027 L4 (GeV) 31.31

Table 8.6: Production cross sections and relevant decay branching ratios for H and
A in benchmark B1b.

o(gg — tbH*) (pb) 0.0069
BR(H* — tb) 0.035
BR(H* — 7%v) 5.18x10~%
BR(H* — HW¥) 0.96
L+ (GeV) 29.38

Table 8.7: Production cross sections and relevant decay branching ratios for H* in
benchmark Blb.
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Scenario 1: T Signals
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Figure 8.5: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Egs. f. Panel (a) shows the cross sections for gluon fusion
production and b-associated production of H multiplied by BR(H — 7177), and
panel (b) shows (g9 — H) x BR(H — ZZ) as a function of |cos(8 — «)|. The
vertical and horizontal red lines shown in panel (a) correspond to the 1o exclusion
limit (for mpy = 300 GeV) exhibited in Eqgs. and (8.9)), respectively [29]. The
blue points in panel (b) correspond to the points in panel (a) that lie below the
red horizontal line and to the left of the red vertical line, and the horizontal green
line shown in panel (b), which corresponds to Eq. , reflects the 95% CL upper
bound reported in Ref. [57].
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Scenario 1 - m, = 610 GeV, m;, = 290 GeV
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Figure 8.6: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Eqs. —. The values of the flavor-alignment parameters a®
and aV are then plotted as blue points in panel (a). The red points of panel (a)
correspond to those that survive the additional constraints of Eqs. f. The
values of the cross sections for gluon fusion production and b-associated production
of A multiplied by BR(H — 7F77), subject to the same constraints as the red points
of panel (a), are plotted as red points in panel (b).
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Scenario 1 - m, = 610 GeV, m, = 290 GeV
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Figure 8.7: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Egs. (8.1)—(8.4) and Eqs. (8.8)—(8.10). In panel (a) the values of the
cross section for gluon fusion production of H multiplied by BR(H — hh) are plotted
as a function of |aV|. In panel (b), the values of the cross section for b-associated
production of H multiplied by BR(H — hh) are plotted as a function of |a”|.
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Figure 8.8: Results of a scan over A2HDM parameter points in Scenario 1 that
satisfy the theoretical and experimental constraints elucidated in Section [7] and the
constraints of Eqs. — and Egs. —. We plot the valuesof T7 vs. T'x
(T7I vs. Ty ) for all surviving scan points. Points that lie along the horizontal yellow
(red) axis would be consistent with a Type-X(Y) 2HDM. Points that lie along the
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vertical blue (green) axis would be consistent with a Type-I(I1I) 2HDM.
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Chapter 9

Scenario 2: m4 = 400 GeV

For Scenario 2 we consider the CP-conserving 2HDM with a CP-odd scalar
mass of my = 400 GeV and two CP-even scalars with masses my > 450 GeV and
myp = 125 GeV (where h is identified as the Higgs boson observed in LHC data). This
scenario is motivated by a slight excess of events over the expected backgrounds in
the ATLAS search for resonant 777~ production and in the CMS search for resonant
tt production due to the production and the subsequent decay of a heavy neutral
scalar. The ATLAS Collaboration observes an excess of events in both gluon fusion
and in b-associated production of a heavy scalar (where the CP quantum number is
not determined). Although the CMS Collaboration observes no excess in a similar
search, there remains some room for the ATLAS excess that is not yet excluded at
the 95% CL by the CMS Collaboration, as discussed below Eq. (6.2]). Meanwhile,
the CMS Collaboration reports an excess of tt pairs that are interpreted as the gluon
fusion production of A — ¢t (in which an alternative interpretation of H — t¢ is
excluded). As both data excesses are associated with the production of a scalar of
mass 400 GeV, we shall assume that the scalar associated with the ATLAS excess
is CP-odd. The CP-even scalar is taken to be heavier, myg > 450 GeV to avoid the
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possibility for it to contribute to the ATLAS 777~ excess. Note that this scenario
is completely orthogonal to Scenario 1 since the decay A — ZH is kinematically
excluded. The possibility of mg < 350 GeV is less likely to survive the constraints

of our model scans, and hence we discard this option in what follows.

9.1 A2HDM Interpretation for Scenario 2

We have performed a scan of the A2HDM parameter space for Scenario 2,
while respecting the theoretical and experimental constraints elucidated in Section[7]

U we exhibit

To determine the range of interest for the flavor-alignment parameter a
in Fig. the width to mass ratio, I'y/m4, as a function of aV and consider the
implications of the excess of tt events reported by the CMS Collaboration in Ref. [30],
which are interpreted as the production of A — ¢t via gluon fusion. The blue points
of Fig. [0.1] represent the results of our scan prior to imposing the constraints of
the A — tt constraints of Ref. [30]. (We can identify the coupling modifier g4, of
Ref. [30] with a¥.) The CMS Collaboration expected to obtain a 95% CL upper
limit on the gluon fusion production of A — tt for m4 = 400 GeV, which when
translated into a limit on aV yields the solid black line shown in Fig. m However,
due to an excess of events above background (with a local significance of 3.50), the
actual 95% CL upper limit on the gluon fusion production of A — ¢t translated into
a limit on aV yields the dashed cyan line shown in Fig. The points in our scan
that lie between the black and cyan lines (colored red) will be the parameter points
of interest for Scenario 2 going forward.

A more sophisticated approach was undertaken in Ref. [42], in which a chi-

squared analysis was performed to determine the best fit value for the A coupling
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Scenario 2: A Relative Width vs |aV|
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Figure 9.1: The ratio of the A width to its mass (with m4 = 400 GeV) as a function
of the flavor-alignment parameter a¥ in Scenario 2 obtained in a scan over A2HDM
parameters, subject to the theoretical and experimental constraints elucidated in
Section [7l The dashed cyan (solid black) line shows the observed (expected) 95%
CL upper limit on the gluon fusion cross section for A — tt reported by the CMS
Collaboration in Ref. [30], translated into an upper limit for aV as a function of
I'4/ma. The points of the scan that lie between the dashed cyan and solid black
curve are colored red, which constitute the proposed signal of Scenario 2.

modifier to top quarks for each value of the A width. The chi-squared analysis of
Ref. [42] only considered the CMS data excess in the t¢ channel [30], whereas we
wish to consider the implications of this data excess together with the ATLAS data
excess in the 7777 channel [29]. Nevertheless, we have verified that the red points
chosen in our Fig. have X?t_ < 5, for the definition of Xf{ given in Ref. [42] and
the results shown in their Fig. 1. Moreover, a substantial portion of the red points
of our Fig. have values of X?{ well below 1.

Imposing the upper limit of |AMp,| as discussed in Section on the
A2HDM parameter space when scanned over the values exhibited in Table we

have found no constraint on the alignment parameters a” and a” (of course, the

latter does not appear in Eq. (3.27)). However, we do find an upper bound for |aV |
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shown in panel (a) of Fig. Note that the excluded region of the A2HDM param-
eter space due to the constraint on AMp, roughly coincides with the corresponding
excluded region of the Type-I 2HDM in the my+ vs. tan 8 plane exhibited in Fig. 8
of Ref. [51] after identifying tan 8 = 1/|aV|. This result is not surprising in light of
the small numerical contribution from terms that depend on a”.

In panel (b) of Fig. we show the result of Fig. prior to imposing
the constraint from AMp . The red, green and blue points are all consistent with
the b — s constraint. Imposing the experimental constraint based on the 95% CL
upper limit on the cross section for gg — A — tt reported by the CMS Collaboration
in Ref. [30], we can eliminate the scan points that lie above the dashed cyan line.
Finally, the result of imposing the AMp, constraint is to remove the green points

from the scan. The remaining red scan points constitute the proposed signal of

Scenario 2 .
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Figure 9.2: Impact of the AMp, bound on the A2HDM parameter space. In panel
(a) all points shown are from a general scan on aV, a” and mpy= which pass the
AMp, bound. In panel (b) we exhibit the ratio of the A width to its mass (with
ma = 400 GeV) as a function of the alignment parameter a¥ in Scenario 2 obtained
in a scan over A2HDM parameters, subject to the theoretical and experimental
constraints elucidated in Section [7] prior to imposing the AMp, bound. The dashed
cyan (solid black) line correspond to the observed (expected) 95% CL upper limit on
the cross section for gg — A — tt reported by the CMS Collaboration in Ref. ,
translated into an upper limit for ¥ as a function of I'4 /ma. As for the remaining
scan points that lie between the dashed cyan and solid black curve, the green points
are eliminated after imposing the AMp, constraint. The surviving red scan points
constitute the proposed signal of Scenario 2.
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Scenario 2: Tau Anomalies for A

100

80 A

Oppa X BRIAA-> T+ T7) (fb)

0 20 40 60 80 100
Ogga X BRAA->T*17) (fb)

Figure 9.3: Results of a scan over A2HDM parameter points in Scenario 2 that
satisfy the theoretical and experimental constraints elucidated in Section [7]] The
blue points exhibit the values of the cross sections for gluon fusion production and b-
associated production of A multiplied by BR(H — 7F77). These points are colored
red if the corresponding values of aV and I'/m4 lie in the red region of Fig. [9.1
The + indicates the best fit point for the ATLAS excess of Ref. [28] interpreted as
A production with my = 400 GeV; the solid yellow and black curves correspond
to the corresponding 1o and 20 contours. Red points within the 1o contour are

colored green. Finally, all points outside the boundary of the dashed black ellipse
are excluded at the 95% CL by the ditau search of the CMS Collaboration [31].

Employing the same A2HDM scan described above, we consider the impli-
cations of the ATLAS ditau signal excess interpreted as the production of a CP-odd
scalar with m4 = 400 GeV. In Fig. the best fit point for the ATLAS excess of
Ref. 28] is indicated by the + sign; the solid yellow and black curves correspond to
the corresponding 1o and 20 contours. The nonobservation of the ditau signal by the
CMS collaboration [31] excludes (at the 95% CL) values of the A production cross
section multiplied by BR(A — 7777) that lie outside the boundary of the dashed
black ellipse. The dashed black contour exhibited in Fig. [9.3] was obtained from the

results of Ref. [31] by interpolation as explained above Eq. (6.3]). The blue points of
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our initial scan are constrained to lie within the red region of Fig. [9.1] as discussed
above. These points are colored red in Fig. In addition, the green points are a
subset of the red points that lie within the 1o contour. Finally, the green points that
lie within the dashed black ellipse in the lower left hand corner of Fig. constitute
the A2HDM parameter regime of interest for Scenario 2. Note that despite of the
more restrictive CMS exclusion limits, there are still a significant number of green
scan points for Scenario 2 that lie within the 1o ellipse of the ATLAS ditau data
excess. The sharp lower bound o(gg — A) x BR(A — 7777) > 19 fb exhibited
by the green points of Fig. [0.3] is noteworthy. This lower bound is a consequence
of requiring |aV| 2 0.5, so as to be above the solid black line in Fig. [9.1| (in order
to explain the observed CMS excess of A — tf), while also imposing |a”| > 4.9 (as
illustrated in Fig. below) in order that our scan points live within the 1o ellipse
of Fig. In particular, the lower bound on |aY| forces o(gg — A) to be roughly
above 7.1 pb, whereas the lower bound on |a”| yields a minimum branching ratio of
BR(A — 7777) 2 1.2 x 1073. Although these considerations omit the implications
of scanning over a”, they do provide a rough understanding of the lower bound on
(g9 — A — 7t77) observed in Fig. 9.3

In order to achieve a large enough rate in b-associated production of A
that subsequently decays into 7777, a sufficiently large absolute value of the flavor-
alignment parameter a” will be required, which will tend to enhance the A — bb
decay rate. The most restrictive bounds on o(gg — bbA) x BR(A — bb) are provided
by the CMS Collaboration [67], with a 95% CL upper limit of roughly 6 pb for my =
400 GeV. As shown in Fig. this latter constraint eliminates a substantial region
of the A2HDM parameter space for Scenario 2 and yields an upper bound of |ap| <

40. In Fig.[9.4] (b) we show the predicted values of o(gg — bbH) x BR(H — bb) as
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a function of my, and we compare these values with the 95% CL upper limit from
the CMS Collaboration in Ref. [67], obtained with 35.9 fb~! of data and shown as
a solid black line in that plot. As we see, a very small set of our points are already
excluded. The dashed line shown corresponds to a naive rescaling (by the square
root of the corresponding luminosities) of the current CMS bound based on the full
Run 2 dataset and an anticipated 300 fb~! of data during Run 3 of the LHC. Indeed,
we expect that a substantial portion of the parameter space for Scenario 2, with H

masses up to 700 GeV, could be probed in Run 3.
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Figure 9.4: Results of a scan over A2HDM parameter points in Scenario 2 that
satisfy the theoretical and experimental constraints elucidated in Section [7]] The
points shown are the subset of the green points of Fig. that are contained within
the dashed ellipse shown there. We exhibit (a) the predicted values of o(g9 —
bbA) x BR(A — bb) as a function of |a”|, and (b) the predicted values of (g9 —
bbH) x BR(H — bb) as a function of my. Points that lie above the solid line are
excluded by the 95% CL upper limit obtained by the CMS Collaboration in Ref. .
The dashed black line is the expected exclusion at Run 3 of the LHC.
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Figure 9.5: Results of a scan over A2HDM parameter points in Scenario 2 that lie
within the region of interest, corresponding to the area of parameter space occupied
by the subset of green points that lie inside the rectangular box in Fig. and below
the dashed line in Fig. 9.4, Panel (a) exhibits the values of the flavor-alignment
parameters a” and a” and panel (b) exhibits the masses of the heavier CP-even
scalar H and the charged Higgs boson H*, for each scan point that satisfies all the

specified constraints.
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We now examine in more detail the properties of the green A2HDM scan
points that lie within the dashed black ellipse of Fig. [9.3] and below the solid black
lines of Fig. which satisfy all known experimental limits while interpreting the
ATLAS ditau excess and the CMS tt excess as the production of a CP-odd scalar
with my ~ 400 GeV, which from now on we call the “region of interest.”

In Fig.|9.5, we show in panel (a) the values of the flavor-alignment parame-
ters a” and a” and in panel (b) we show the values of my and my+ for the A2HDM
scan points that satisfy all the specified constraints. Note that the values of |a”
and |a| are restricted to lie within a very narrow range of values, 25 < |aP?| < 40
and 5 < |a”| < 7. The corresponding lower limiting values are a consequence of the
gg — bbA — bbr 7~ interpretation of ATLAS excess of Ref. [29]. The upper limit
on |aP| is imposed by the solid black lines of Fig and the upper limit on |a®|
is due in part to our g9 — A — tt interpretation of the CMS excess of Ref. [30].
In Fig. [9.5(b), two distinct branches are observed corresponding to mpg ~ m4 and
mpg+ ~ m4, which arise after imposing the T" parameter constraint, as discussed in
Section [7l Although we scan over h and H* masses up to 1 TeV, we find no scan
points above about 750 GeV. This is a consequence of the tree-level unitarity and
perturbativity constraints of Section [7] that limit the magnitude of the heavy scalar
mass splittings.

Although the proposed Scenario 2 signals are viable in the A2HDM frame-
work, one can again ask whether the same signals can be successfully accommodated
in two Higgs doublet models with natural flavor conservation. In Section [§] we in-
troduced four quantities, 177 7 x,y [cf. Egs. and ], which if zero would
indicate the presence of a (softly-broken) Zs symmetry with a Type I, II, X or Y

Yukawa coupling pattern. In contrast to Scenario 1, where a Type-1 2HDM pro-
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vided a viable framework for the interpretation of the ATLAS excess of Ref. [27],
the Scenario 2 signals are incompatible with a Type I, II, X or Y Yukawa coupling
pattern, as indicated by the two panels of Fig.

If the Scenario 2 interpretation of the ATLAS and CMS excesses of Refs. [29]
and [30], respectively, were corroborated by further data, then one could make
predictions for the eventual discoveries of H and H¥. Indeed, some of the scan
points of the Scenario 2 region of interest are not too far from the current exclu-
sion limits derived from ATLAS searches for H production (with subsequent de-
cay to 7777) and H* production (with subsequent decay to tb), as exhibited in
Fig. . In panel (a) of Fig. we show that the Scenario 2 scan points in the
region of interest reside about a factor of 10 below the 95% CL exclusion limits for
o(g99 — H)BR(H — 7777) obtained by the ATLAS Collaboration [29]. In panel
(b), we show that some of the Scenario 2 scan points in the region of interest lie
quite close to the 95% CL exclusion limits for o(pp — HT)BR(H* — tb) obtained
by the ATLAS Collaboration in Ref. [68]. We expect that future LHC searches for
H — 777~ and H* — tb with larger data sets will begin to probe the Scenario 2
region of interest and thus provide the most likely channels for new discoveries.

We have also checked that the ATLAS and CMS exclusion limits on H
production with subsequent decays into ZZ, WHW =, v+, or hh and H* production
with subsequent decays into 7v are less constraining and easily satisfied by all the

Scenario 2 scan points in the region of interest.
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9.2 A2HDM Benchmark for Scenario 2

We present one benchmark for Scenario 2 in Table|9.1] chosen to illustrate
an A2HDM parameter set with significant H and A production cross sections, which
would provide additional heavy scalar discovery channels that could be probed in
future runs at the LHC. In light of the results of Fig. there are no viable A2HDM
parameter sets that approximate a Type-I, I, X or Y 2HDM. For the benchmark
parameters shown in Table the main production cross sections and some of the
relevant branching ratios for H, A and H* are exhibited in Tables and
We do not exhibit the Benchmark B2 values of BR(H — ZZ) ~ 4 x 1075 and

BR(H — hh) ~ 1077, which are too small to be phenomenologically relevant.

Benchmark B2 — generic A2HDM

mu | my+ (GeV) | |cos(f—a)| | Z Zs Zr aV aP a”

492 529 0.0018 242 | 758 | -1.39 | 0.60 | 35.07 | 6.32

Table 9.1: Parameters characterizing Benchmark B2, for which mj, = 125, m 4 = 400
GeV.

o(gg — H) (pb) 2.57 o(gg — A) (pb) 10.87
o(gg — bbH) (pb) 3.30 o(gg — bbA) (pb) 8.97
BR(H — bb) 0.69 BR(A — tt) 0.39
BR(H — 7+77) 0.0028 BR(A — bb) 0.60

BR(H — tf) 0.31 BR(A — rt77) | 0.0024
Ty (GeV) 14.54 T4 (GeV) 13.94

Table 9.2: Production cross sections and relevant decay branching ratios for H and
A in benchmark B2.

The results of Tables [0.2] and [9.3] suggest a number of additional channels
that could yield possible discoveries in future LHC runs. The most promising chan-

nels for H would be via gluon fusion production and/or b-associated production

99



o(gg — tbH*) (pb) 0.19

BR(H* — tb) 0.90
BR(H* — 7%v) 0.0023

BR(H* — AW®) 0.095
L= (GeV) 19.05

Table 9.3: Production cross sections and relevant decay branching ratios for H* in
benchmark B2.

followed by H — bb or tt. Note that although the 77~ branching ratio is quite
small, o(gg — bbH) x BR(H — 7777) ~ 10 fb, which will be probed in future runs
at the LHC with a sufficiently large data sample (in light of Ref. [29]). In addition
togg - A — 7t77, g9 — bbA — bbrT77, and g9 — A — tf (which constitute
the current excesses in data that define Scenario 2), it may be possible to detect
gg — bbA — bbbb and gg — bbA — bbtt. Finally, the most promising channel for
H?* would be via tb associated production, with the subsequent decay to either tb

or AW+,
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Figure 9.6: Results of a scan over A2HDM parameter points in Scenario 2 that lie
within the region of interest, corresponding to the area of parameter space occupied
by the subset of green points that lie inside the circle in Fig. and below the solid
black lines in Fig.|9.4] Panel (a) exhibits the values of T vs. T'x. Points that lie along
the horizontal (magenta) axis would be consistent with a Type-X 2HDM. Points that
lie along the vertical (green) axis would be consistent with a Type-I 2HDM. Panel
(b) exhibits the values of Ty vs. Ty. Points that lie along the horizontal (magenta)
axis would be consistent with a Type-Y 2HDM. Points that lie along the vertical
(green) axis would be consistent with a Type-IT 2HDM.
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Figure 9.7: Results of a scan over A2HDM parameter points in Scenario 2 that lie
within the region of interest, corresponding to the area of parameter space occupied
by the subset of green points that lie inside the rectangular box in Fig. and
below the solid black lines in Fig. In panel (a), we show the predicted value of
o(g99 — H)BR(H — 7777) as a function of my. The solid black line corresponds
to the 95% CL exclusion limit reported by the ATLAS Collaboration in Ref. [29].
In panel (b), we show the predicted value of o(pp — tbH*)BR(H* — tb) as a
function of my+ as a function of my+. The solid black line corresponds to the 95%
CL exclusion limit reported by the ATLAS Collaboration in Ref. . The solid
black lines shown in both plots above are based on 139 fb~! of data. Assuming
an additional 300 fb~! of data during Run 3 of the LHC, a naive rescaling of the
ATLAS exclusion bounds yields the dashed black lines shown in both plots.
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Chapter 10

Conclusions of Part 11

If new scalars exist with masses below 1 TeV with cross sections governed
by the electroweak scale, then searches now being performed at the LHC would be
capable of discovering such states given sufficient data. Indeed, the existence of an
extended Higgs sector is primarily a question that must be answered via experimental
exploration. If a convincing signal eventually emerges, then it will be important to
provide a model interpretation.

Although there is no concrete argument pointing to a specific extended
Higgs sector, there are a number of weak assumptions that can be applied to narrow
down the appropriate framework in which to interpret the discovery of a new scalar.
For example, the observed electroweak rho parameter and the absence of significant
flavor changing neutral currents places strong constraints on a viable extended Higgs
sector. The former tends to restrict considerations to models of hypercharge-zero
singlet and hypercharge-one doublet scalars (e.g., see Ref. [69]), although interesting
models with Higgs doublets and triplets arranged to have an (admittedly fine-tuned)
custodial symmetric scalar potential would also satisfy the electroweak rho param-

eter constraint |70}/71]. If a charged scalar were discovered, this would indicate the
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presence of additional doublet scalars.

For simplicity, we focus on extended Higgs sectors with additional doublets.
Simply adding one doublet already yields a set of new phenomena (charged scalars,
new CP-even and CP-odd neutral scalars or new neutral scalars of mixed CP sym-
metry). Thus employing the framework of the 2HDM may be sufficient to provide an
initial interpretation of evidence that points to the discovery of an extended Higgs
sector. Employing the most general 2HDM is not appropriate given that a signifi-
cant portion of its parameter space would yield scalar-mediated FCNCs that are too
large to be accommodated by the present data and/or an electric dipole moment
(edm) for the electron that is inconsistent with the current experimental bounds. In
light of the bounds on edms, one is tempted to restrict the parameters of the 2HDM
such that no (significant) new sources of CP violation due to scalar self-interactions
or the Higgs-fermion Yukawa couplings are present. This leads to the framework
of the CP-conserving 2HDM. This is not to say that the LHC experiments should
refrain from searching for CP-violating observables. However, any initial discovery
of a new scalar is not likely to be particularly sensitive to the presence of a new
scalar-mediated source of CP violation.

This leaves open the question of how to suppress scalar-mediated FCNCs.
Theorists tend to demand that their models should yield suppressed scalar-mediated
FCNCs naturally, which is theoretically implemented by a symmetry that is either
exact or softly-broken. Such an assumption restricts the structure of the Higgs-
fermion Yukawa couplings to one of four types (called Types I, II, X and Y), which
defines a fundamental parameter of the model, called tan 8. Experimentalists an-
alyzing their data should ignore such considerations. After all, determining the

structure of the Higgs-fermion Yukawa couplings is an experimental endeavor. Ide-
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ally, the experimental discovery of new scalars will inform theorists on how Nature
has chosen to implement the suppression of FCNCs. With this in mind, we have
advocated in this paper that evidence for new scalars at the LHC should be ex-
perimentally analyzed within the context of the flavor-aligned 2HDM (or A2HDM),
which phenomenologically implements the absence of tree-level scalar-mediated FC-
NCs by proposing that two initially independent Yukawa coupling matrices are in
fact proportional, with the proportionality constant (called the flavor-alignment pa-
rameter) an observable to be determined by experiment. Given that there are three
pairs of Yukawa matrices (corresponding to up-type quarks, down-type quarks and
charged leptons), there are three flavor-alignment parameters of interest, called av,
aP and af. The Higgs-fermion Yukawa couplings of Types I, II, X and Y are special
cases of the A2HDM, so an experimental determination of the flavor-alignment pa-
rameters will inform whether one of the Yukawa coupling Types is compatible with
the data.

After the completion of Run 2 of the LHC, both ATLAS and CMS have
searched a variety of channels for evidence of new scalars. No statistically significant
signal has yet to emerge. Nevertheless, we believe that it is a useful exercise to
exhibit how one could implement the extended Higgs framework described above
to probe the properties of any newly discovered scalar(s). With this in mind, we
have reviewed the ATLAS and CMS searches for new scalars and focused on a
number of small excesses observed (corresponding typically to local 30 excesses
whose significance reduces to 20 or below when the look elsewhere effect is taken
into account). We selected two different scenarios: Scenario 1 (m4 = 610 GeV and
mpy = 290 GeV observed in gg — A — ZH, where H — bb and Z — £t{~) and

Scenario 2 (ma = 400 GeV, with A — ¢t and A — 777~ decays observed). Treating
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the small excesses observed as a potential signal of new scalars, we examined whether
such excesses could be produced for some reasonable set of A2HDM parameters, and
if so whether it would be possible to deduce whether the underlying fermion-Higgs
Yukawa couplings were consistent with the symmetry-based Types I, II, X or Y
2HDMs.

Our analysis of both scenarios resulted in the following conclusions. Sce-
nario 1 can be realized in a Type I 2HDM, but this solution is viable only for a rather
restricted region of the model parameters. More generally, there is a larger region of
the parameter space that is consistent with the A2HDM framework, but inconsistent
with all of the symmetry-based Types I, II, X or Y models. In contrast, the Scenario
2 excesses observed at LHC, while again consistent with the A2HDM framework,
exhibits no allowed parameter points consistent with the symmetry-based Types I,
II, X or Y models. This result highlights one of the main points of our study. If
the Scenario 2 excesses had been real (rather than the more likely statistical fluctu-
ation of Standard Model backgrounds), an analysis of these data with a prejudice
for the consistency with the symmetry-based Types I, II, X or Y Higgs-fermion
Yukawa interactions would have concluded that these data are incompatible with
the 2HDM. Of course, such a conclusion is inappropriate, in light of the compatibil-
ity of Scenario 2 with the more general A2HDM framework. Indeed, there is more
flexibility in fitting a given scenario by employing the A2HDM as compared to each
of the symmetry-based Higgs-fermion Yukawa interactions of the 2HDM due to the
existence of three independent flavor-alignment parameters, a¥, a” and ¥, which
allows one to independently fit the constraints on flavor and leptonic observables of
the model. In contrast, in the symmetry-based Higgs-fermion Yukawa interactions

of the 2HDM, the coupling modifiers of the non-SM scalars to fermions (in the ap-
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proximate Higgs alignment limit) are governed by a single parameter, tan #, which
results in strong correlations among the up-quark, down-quark and charged lepton
Yukawa couplings.

If the excesses observed by the ATLAS and CMS Collaborations that are
the basis for either of the two scenarios analyzed in this paper were confirmed in
Run 3 of the LHC, then our analysis also provides predictions for new non-SM
Higgs signals that could provide support for the A2HDM framework. In Scenario
1, the allowed A2HDM parameter space yields a signal for gg — H — hh that is
close to the current experimental bound, in light of Fig. Moreover, the cross
section for b-associated production of H followed by H — hh can be as large as
0.07 pb. Thus, resonant production of hh in subsequent runs at the LHC will
provide a critical check of the A2HDM interpretation of Scenario 1. In addition,
the A2HDM parameter space consistent with Scenario 1 yields cross sections for gg
fusion and b-associated production of H followed by H — 777~ that can be as large
as 120 fb and 70 fb, respectively, which could be detected with the future higher
luminosity runs of the LHC. In contrast, gg fusion and b-associated production of
A followed by A — 777~ yields smaller cross sections (roughly 0.1 fb and 0.05 fb,
respectively), although still significantly larger than one would obtain in a Type-
I 2HDM. Finally, Scenario 1 predicts a rather restricted range of masses for H*:
either 220 < my+ < 320 GeV (ie., mg+ ~ my) or 570 < my+ < 670 GeV (i.e.,
mpy+ ~ m4). The predicted signal rates for pp — H* — tb are close to the current
experimental bounds, and would provide another important consistency check of the
A2HDM interpretation of Scenario 1 if observed. In Scenario 2, the allowed A2HDM
parameter space exhibited in Fig. [0.7] implies potentially significant signal rates for

o(g9g — H)BR(H — 7t77) and o(pp — HT)BR(H* — tb): 10 times below the
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current experimental sensitivity for the former, and close to the current exclusion
bounds for the latter, for 400 < mpy+ < 600 GeV. Both of these signals, if present
at their expected rates, could be probed at Run 3 of the LHC. We would also expect
a potentially observable signal rate for gg fusion and b-associated production of H
followed by H — tt. Finally, in light of Fig. there is a strong possibility of
observable signal rates in b-associated production of A and H, followed by their
decays to bb. Observations of any of these non-SM Higgs production and decay
processes would provide important consistency checks of the A2HDM interpretation
of Scenario 2.

Ultimately, one would like to reduce further the specific extended Higgs
sector model assumptions employed in analyzing a potential LHC discovery of a
new scalar. Ideally, one should use experimental results to determine how many
new doublets make up the extended Standard Model, and whether any singlets are
present. It would be interesting to conceive of a scenario in which a general 2HDM
is incompatible with an observed signal but a different extended Higgs structure can
successfully explain the observed data. An obvious example would be the discovery
of a doubly charged Higgs boson, which of course is absent in the 2HDM but present
in models that contain hypercharge-two Higgs triplets [72]. However, if the discovery
of a new scalar at the LHC indicates the observation of a new colorless neutral or
singly-charged scalar, it is not so clear what type of scenario is needed that would
require new physics beyond the 2HDM.

Meanwhile, we look forward to new data being taken at Run 3 of the LHC
to see whether any of the data excesses that appeared in Run 2 persist or whether
any evidence for the production of new scalars emerges. The discovery of a new

scalar would have profound implications for physics at the electroweak scale and
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perhaps provide a first glimpse of the physics beyond the Standard Model that is
necessary to address some of the most pressing problems associated with our current

theory of fundamental particles and their interactions.
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Part 111

Four-texture Yukawas
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Chapter 11

Introduction

We have many measurements from particle colliders that require tree-level,
Higgs-mediated FCNC'’s to be highly suppressed, and sufficiently suppressed at loop
level. However, that does not mean that they are zero. From time to time, there
are small flavor-violating signals observed in LHC data, although they usually go
away when more data is collected and as analyses improve. It could be that we will
eventually see flavor-violating processes at the LHC, and then we will need a model
beyond the SM to explain it. As evident in Part II of this thesis, we do not wish to
restrict ourselves to the simplest of 2HDMs. We also wish to explore the possibility
that flavor-violating Higgs-fermion interactions could exist, as long as they are small
enough to evade current bounds.

The SM has a few shortcomings, such as providing no reason for the Higgs
sector to be minimal whereas the up- and down-type quark and lepton sectors have
three generations each. The SM also does not explain where the masses of the
fermions come from. It tells us how they are generated, but not what their values
are, or why they exhibit a large hierarchy. To understand the nature of Higgs-

fermion Yukawa couplings gives insight into this story and implores us to investigate
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coupling mechanisms beyond the SM.

We still need a mechanism to suppress FCNC’s to evade current measure-
ment bounds. It has been shown [94], [85] that four-texture mass and Yukawa
coupling matrices can produce physical couplings like the Cheng Sher ansatz, which
states that FCNC’s bounds can be avoided if Higgs-fermion couplings are propor-
tional to ,/m;my;/v. In this pattern, the hierarchy of fermion masses causes off-
diagonal, flavor-violating couplings to be small enough in some regions of parameter
space.

One can find the Cheng Sher-like coupling pattern emerge in certain ap-
proximation schemes, however we elect to use the exact formulae for the physical
Yukawa couplings. We also revisit the theoretical formalism and rotate into the
Higgs basis before diagonalizing the quark mass matrices. Thus, our four-textures
are manifest in the Higgs basis, and our physical results only depend on the angle
8 — a, but not « or 8 separately, so they are basis-independent.

To verify that this is a valid model and explore potentially detectable phe-
nomenological implications, we perform a parameter scan and study the allowed re-
gions of parameter space. The most strict bounds on our models come from searches
for scalars at the LHC and precision Higgs boson measurements. We utilize the pro-
gram HiggsTools [91] to analyze the parameter space of our four-texture model.
HiggsTools is comprised of three subprograms. HiggsPredictions can take coupling
modifier expressions as inputs and modify SM-like calculations to obtain cross sec-
tions and branching ratios in your model. It then can pass those predictions to
HiggsBounds which determines if each parameter point is in conflict with any search
for new scalars at a variety of particle colliders. The third subprogram is HiggsSig-

nals, which compares the h predictions with properties of the observed hgps (131
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observables) and returns a statistical X2 value. We define AX2 = X2 — Nobservables
and require Ayx? < 6.

Once we have a set of points that satisfy these conditions, we study their
flavor-violating predictions and determine which may appear in collider data in the

near future, should they exist.
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Chapter 12

Theoretical Background

The theoretical foundations of 2HDMs were introduced in detail in Part 1.
This section will focus on introducing the Type-III Yukawa couplings utilized in
Part IIT of this dissertation (the second project). Specifically we discuss four-texture
Yukawa coupling matrices and how they can produce the Cheng Sher Ansatz. In the
literature, when authors write out the Yukawa couplings of Type-III 2HDMs, they
usually define the Yukawa coupling matrices in a generic ®-basis of Higgs fields. This
yields physical couplings that depend on the parameters a and 3 separately, and so
they depend on which ®-basis the Yukawa matrices were defined in. We find it more
sensible adopt a basis-independent approach, by first rotating into the Higgs basis
and then defining a particular structure for the Yukawa coupling matrices. However,
to make contact with the couplings displayed in most references in the literature and
understand how those physical couplings are computed, we will first reproduce their
results by working in a generic ®-basis, and then revisit the computation starting in

the Higgs basis.
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12.1 Type-11I 2HDM Yukawas in a Generic ®-basis

We begin with the Yukawa Lagrangian describing Higgs-quark interactions

in a generic basis of Higgs fields and the quark interaction-eigenstate basis,
—0 = —0 —0 = —0
—Ly = Q1 "Up + Q11 "Dy + Qa1 "R + Qo "Dy + hic., (12.1)

where @19 are the two Higgs doublets, &)Z = i02®7, QOL are weak isospin quark
doublets, and Ul%, D% are weak isospin quark singlets. The right and left-handed
fermion fields are defined as usual: g = Pr ¢, where Pg = %(1 + 75). Here,
the superscripts on Q%, U?Y, and D% denote the interaction basis eigenstates, which

0, U0 D0 D,0 Lo
My ,1M;,and ny 7 are matrices in quark

are vectors in quark flavor space, and 77? '
flavor space. When we rotate into the quark mass basis, we will remove the super-
scripts. We can see that the four n; ¥ matrices are Higgs basis dependent quantities
and will mix when rotating the Higgs basis. For simplicity we have omitted the
charged lepton terms in Eq. , but they follow the exact same pattern as we
will show for the down-type quark couplings. We are working under the assump-

tion of massless neutrinos, as in the SM. We will also focus on neutral Higgs-quark

interactions, so ignoring charged Higgs terms, the Yukawa Lagrangian becomes,
750 0% UO0770 , 750 0 _D,0 10 770 0%« U07r70 , 150 D,0 0

The quark mass matrices are obtained by setting the Higgs fields to their

vacuum expectation values (vevs), denoted by (®;) = %(O, v;) = %(O, 0;), where
cos 3 —sin
v = , W; = B , (12.3)
sin 3 cos 3

as previously shown in Eq. (2.3)). By inserting the Higgs vevs into Eq. (12.2)) we find
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the quark mass matrices Mg,

Mg = \}i (UW?’O + Uzﬁf’()) (12.4)
= 5 (v O+ ). (12.5)
which are not diagonal in the quark interaction basis. If we restrict ourselves to
CP-conserving vacuua, then v} = v; and w; = w;. In the following two sections we
reproduce the standard results found in the literature to understand the pattern of
Yukawa couplings one finds when starting in a generic Higgs ®-basis. We will first

work out the Yukawa couplings for down-type quarks, then up-type quarks, then

restart in the Higgs basis to derive Higgs basis independent results.

12.1.1 Down-type Quark Yukawa Analysis in a Generic Basis

In this section we write out the Yukawa Lagrangian for down-type quarks
only, ignoring up-type quarks and charged Higgs interactions, since there are many
terms to keep track of. We can rearrange Eq. 1) to eliminate nf)’o from the

Yukawa Lagrangian, and instead rewrite it in terms of Mg and 775 ’0,

ThD’O = (\[Md — vy 772 ) = ;/fojswg — tan,@’nzD’O. (12.6)
The Yukawa Lagrangian is then,
— b = Dol ;(\/ﬁMg — vy ) [ DY + D) eIEODY + hec.. (12.7)
The quark mass matrix can be diagonalized by,
My = 05 PEMIPLOD (12.8)

where My = diag(mg, ms, mp) and so the quark mass eigenstates are D = OIT)P}BDO.

The Yukawa coupling matrices can also be rotated into the quark mass basis by the

116



same transformation,

= 05 P nPOPpOp . (12.9)
The Yukawa Lagrangian then becomes,

_ 1 —
P =D, a° [v(\ngd - vzng’)}DR + D@ Dr + hec.. (12.10)
1

In the CP-conserving case, the Higgs fields can be rewritten in terms of mass eigen-

states as,
3
v; 1 . .
(I)? = ﬁ + ﬁ ; (qkwi + quszi)hk , (12.11)
where the q; and hy are given in Table We have removed the Goldstone bosons
which will be eaten by the W* and Z gauge bosons. Inserting the g; and Higgs

mass eigenstates into the Yukawa Lagrangian we obtain,

3
— |1
P = Dy U—l(\@Md - 1)27]5){:)/1» 7 > (ambn + kaﬂbl)hk} (12.12)
E—1
3

+ 772[){[ f (qklﬁz +Qk2€7fv2)hszDR + h.c..

Dropping the terms which are not proportional to any of the hj, we arrive at,

— 1

-2 = Dy \[{ (V2My — vonj ){(qwh + quagin ) b (12.13)

(q2101 4 gozetdy) ho

(g3101 + Q32€’U31)h3}
+ 772D{ (q1102 + qu2eta) ha

(g2102 + gozetda) ho

(3102 + Q32€7ﬁ2)h3}] Dp + hec..

Inserting the expressions from Table

117



k hy; k1 k2
1 h 58—a ECB—q
2 —eH —ECB_q S8—a
3 A 0 i

Table 12.1: Basis-invariant combinations gy; in the CP-conserving limit, correspond-
ing to a real Higgs basis where ¢ = £1.

LY = Dp—

1
NG a(ﬂMd - U2772D) { (86-al1 + ca—atin)h (12.14)

— ((—Cﬁ—a)@l + Sg_alf)l)H

+ UQD{ (88—alz + ca_qtl2)h
—((=¢p—a)ta + sp_ati2) H
+(Z@2)A}:| Dgr + hec..
Notice that all the factors of € cancel, as expected. Now if we insert the expressions

for ©; and simplify, we obtain,

S

LY = Eﬂ

Ll) (V2My — van) { (85-0 — Cg—o tan f)h (12.15)
+ (cg—a + Sp—a tan B) H
_(itan B)A}
+ né’{ (8p—asin B+ cg_q cos B)h
+(cg—asinB — sp_qcos B) H

—l—(i COS/B)A}] Dpr + he..
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Making use of the following trigonometric identities:

sin av CcOoS &

— Cosﬁ = S8—q — tanﬁcﬁ_a Sinﬁ = Sg_a t+ COtﬁCﬂ_a (12.16)
cos o sin «
s C—a +tanBsg_q S0 Cl—a — COt BS3_q - (12.17)

we arrive at (by multiplying the lower two expressions above by cos f3),

1

Ly = ﬁLﬂ

1 sin «v Cos &
= (V2My — vanP)S — h H — itan A 12.1
[U (\f 4 — V1) ){ cos B + cos 3 itan 3 } ( 8)

+ nf{cosah—i— sinaH + icosBAHDR + h.c..

Collecting terms proportional to h, H or A, we obtain,

— 1 2M, i
LY =D,— H—(C} d —sinﬁnf)(sjma+772Dcosa}h

V2 os 3
2M,
+{<\[ d—sinﬁné))(:osa +n2DSina}H
v cos 3

—l—i{— (ﬂMd B sinﬁn2D> tan 8 + 775 cosﬁ}A} Dgr + h.c.. (12.19)

v

Combining terms proportional to 72, we find,

— 1 V2My sin o sinasin 8 cosacosf
b =D, — ! Dih
Y L H v cosf +< cos + cos 3 T2

}H

;2 2
sin cos
)y

V2
Cosﬂ COSB 772 }A:| DR + h.C. .

)

3

2M 4 cos a COs ¢ Sin sin «v cos
. {\f scosa <_ B, ﬁ)

v cosf cos 8 cos 3

+i{— ﬁiwd tan 8 + <
(12.20)

Finally using sum angle formulas, and adding the hermitian conjugated
terms, which yields the factor of 75 in the pseudoscalar couplings, we reproduce the

Yukawa Lagrangian shown in Eq. [4] of Ref. [85],

— 1 V2M, sin o Cl—a
LY =Dp—13 - Dih
Y L\@H v Cosﬁ+cosﬁn2}

2M cos o —S3_
+ \f d + B—a 2D H
v cosf cos 3

+ {— V2My tan 3 +

v cos 3

ng}mA] Drg. (12.21)
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Notice that sg_o = —so—p and cg_o = co—p When comparing results with the
reference listed above. Also notice that these physical couplings depend on the
angles a and (3 separately which is not a Higgs basis invariant way to write them.
Recall that the angle 8 parametrizes the rotation angle from a generic ®-basis into
the Higgs basis and « is the mixing angle of the Higgs bosons. We verified the
Type-II limit (nY = 0 and nY = 0) of the results in Eq. (12.21)) with the well-known
Type-1I Yukawa couplings.

When adding the hermitian conjugate terms to the scalar interactions, we

have terms proportional to,

D;Dg + h.c. = DPRD + (DPrD)!
= DPrD + D'Pry°D
= bPRD -+ EPLD

= E(PR + Pr)D

I
Sl

D, (12.22)

since Pr 4+ Pr, = 1. This calculation changes slightly for the pseudoscalar couplings
because of an extra factor of ¢, which yields P;, — Pr = <5 in the pseudoscalar

coupling only.

12.1.2 Up-type Quark Yukawa Analysis in a Generic Basis

Next we reproduce the Yukawa couplings of up-type quarks to Higgs bosons
(still working in the CP-conserving limit). The computation is similar to that of

down-type quarks, but we eliminate 7y instead of 71, and there will be a conjugated
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¢3p = —% on the pseudoscalar coupling. The relevant terms in the Lagrangian are,
—LY = Q&1 "Uh + Qp@any U + hoc.
70 J—
= T 000UY + T 09U + hee. . (12.23)
By inspecting the vacuum we find the up-type quark mass matrix,

1 x U, * U,
MO = %(vlnl Y uing ). (12.24)

In the case of a CP-conserving vacuum we have v] = v;. We can rearrange this

formula,
1 V2MY
U0 0 U0 U0
Ny = g(\@Mu — vy ) = vsing —cotBn", (12.25)
to eliminate 775] 0 from Eq. (12.23)), which becomes,
. — 1
Y = T a0Vl 4 U%@Q*U—Q(ﬂMS —oinP)UY, + hee.. (12.26)
Keeping in mind that ¢3, = —i, we find,
v_m, 1| v X .
—((=cp—a)i1 + sp_atvn)H
_@ng}
1 A N
+ g(\@Mu — vy { (88-ad2 + ca_at2)h (12.28)

—((=cp-a)i2 + sp_ati2) H

—{MQAHUR+ha.
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Inserting the expressions given in Eq. (2.3]) for the ¢; and w;, we obtain,

L5 = UL—Q [11) (Mu — vln?) { (SB,Q + cg—q cot B)h (12.29)
— ((—Cg_a) + 8g_q cot ﬁ)H
— (z cot B) A}
+ n?{ cos 5(8/3,0[ — Ccg—q tan B) h
—cos B((—cp-a) — Sg—a tan ) H
—l—(z’ sin ,B)AH Ur + h.c..
Using the trigonometric identities displayed in Eq. (12.16)), we have,

-y =TUg

1 (1 Ccos & sin o .
7 ;(\/§Mu _UmlU){sinﬁ h + s H — zcotﬁA} (12.30)

+ n{]{—sinah + cosa H + isinﬁAHUR + hec..

Distributing the factor with the mass matrix and simplifying, we obtain,

—ﬁ%]( _ 7, 1 {\/ﬁMu{cosah N sin o

VAR S S0 H — z'cot,BA} (12.31)

+n{]{—cosacotﬁh — sinacot S H + Z'COSﬁCOtﬂA}

+ n?{—sinah + cosa H + isinﬂAHUR + h.c..

Collecting terms proportional to h, H or A, we find,

— 1 2M,,
- LY = UL\/§[<\[1) Z?jg — (cosacotﬁ—i—sina)n?) h (12.32)
2M,, si
+ (f sTna — (sinacot 3 — cos a)n?) H
v sinf

+ <\/§i\4u(—cotﬁ) + (cos B cot B + Sinﬁ)%])ifyg,A] Ug.
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Simplifying further with trigonometric identities, we arrive at,

1 [(ﬁMucosa CB-a U)h (12.33)

— U — 17 R _
£y =Ur V2 v sinf sin 3 n

2M,, sin o Sg_
J(V2Musina bma ) H
v sinf sin 8

N (x/QMu

(—cot B) +

sin 3 ﬁ?)i%fl} Ur,

which reproduces the interactions of Higgs bosons and up-type quarks given in Eq. 4
of Ref. [86].

Beware that Ref. [85] has a typo in the up-type couplings (Y2 should be
exchanged with Y] for up-type couplings only). Again, these physical couplings
depend on the angles v and [ separately which is not a Higgs basis invariant way
to write them. We verified the Type-II limit (p{ = 0 and 7 = 0) of the results in
Eq. with Type-II Yukawa couplings.

This concludes our study of the Yukawa couplings in the Higgs ®-basis.
From now on we will rotate into the Higgs basis before diagonalizing the quark mass
matrices or making any assumptions about the Yukawa coupling matrices so that

our results will be basis-independent.

12.2 Type-11I1 2HDM Yukawas in the Higgs Basis

To obtain physical Yukawa couplings that are basis-independent, we begin
with the Higgs-fermion-fermion’ Yukawa interaction Lagrangian in the Higgs basis,

in terms of singlet interaction eigenstate quark fields, which was previously given in
Eq. (2.29) and is reproduced here,
— A = @(H?TKU,O + ’HngU’O)UJ% _ F%(%;HU,O + H;pU’O)U]%
+ @(HTKD’OT + ’H;pD’OT)D% + F%(H?%D’OT + HpPONDY + hee.. (12.34)
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Inspecting the vacuum, since (H1) = (0,v) and (Hs) = (0,0), we find that the x°
matrices are proportional to the quark mass matrices, as we intentionally constructed

them,

MO — YU MO = Dot (12.35)

VSR NG}
The M are the interaction basis quark mass matrices and are not yet diagonalized.

To enable ourselves to read off the physical Yukawa couplings, we rewrite the Yukawa

Lagrangian in terms of quark mass eigenstates and Higgs mass eigenstates hy,

3 3
1 1
HY = 7 (U'+ E lehk> HY = 7 E qr2hi (12.36)
k=1 k=1

where the gx; are given in Table Writing out the up-type quark terms only for

the moment, in the CP-conserving case, we have,

~ A = UL HY R0+ HY PO U + e (12.37)
—0 r 3 3
= LTS aihi k0 + Y gt vaO] UY + hec.
k=1 k=1
(girh1 + @31h2) "0 + (gishn + g3oha + quhB)PU’O} Ug + hec.

= LU% _(Slg_ah +ca_o H)EY? + (c_ah — sp_oH — iA)z-:pU’O} U% + hc.

= LUL|(s5-ak? + cs_acp” )+ (co_ar? — s5_acp? ) H — ifspU’y5A] Ugr.

where in the last line we have rewritten the quark fields and Yukawa coupling ma-
trices in the quark mass basis, which we will describe explicitly in Eq. (12.42]) and

Eq. (12.51)) below. Finally, collecting terms proportional to h, H, and A and adding
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Figure 12.1: Example tree-level Higgs-mediated FCNC interaction that would be
generated if flavor non-diagonal p¥ matrix elements are not highly suppressed. In-
teractions such as these are not observed and tight limits exist.

in the down quark terms, we have,

11— v
- YA = ;UL (Sg_aMu + eCg—qa U)h

va’
v
+(Cﬁ_aMu — SSﬁ_aﬁpU)H
Y
V2
+ 20, [spay + Y
- Sp— ECR—aq—F—=
v L B—ai¥ld B8 aﬂp
v *
+(Cﬁ_QMd - ESg_aﬁpD )H
(%

V2

—ie—=p"5A|Ur

D*)h

+ie—pP*y5A|Dp. (12.38)

We can see exactly how the M, and p9 matrices appear in the physical Higgs-
fermion-fermion’ couplings. Also note how only the basis-invariant angle §—« ap-

pears instead of « or S separately.

12.3 Four-texture Yukawas and the Cheng-Sher Ansatz

In Eq. (12.38) we can see that if the p@ matrices are not flavor-diagonal,
then there will be tree-level, Higgs-mediated flavor changing neutral currents (FC-
NCs), as the one shown in Fig. for example. The Cheng-Sher Ansatz [94] is

a pattern of physical Yukawa couplings that sufficiently suppresses the flavor off-
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Figure 12.2: The hierarchy of the fermion masses visualized. Notice that top quarks
are so heavy that their column has to be divided by 10 to fit. The three hierarchies
My > Me > My, My > mg > mg, and m; > m, > m, that cause the suppression of
the off-diagonal elements of the Yukawa coupling matrices are apparent.
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Figure 12.3: The rough hierarchy produced in the Cheng Sher ansatz for the Yukawa
coupling matrices pf;-, where FF = U, D, E, and we have drawn the up-type quark
case. The diagram is not drawn to scale, but demonstrates the suppression of off-
diagonal elements due to the relative sizes of the observed fermion masses, which
are taken as inputs to the model.

diagonal elements of the Yukawa coupling matrices p®, can correctly generate the
CKM quark mixing angles, and accommodates the hierarchy of fermion masses. The
ansatz states that the matrix elements are proportional to square roots of products
of quark masses as,

0 T

P~ T (12.39)

v
where the measured quark masses are usually considered as inputs to the theory.

It has been shown in Refs. and , and we shall derive the same results
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here, that a particular structure of quark mass and Yukawa coupling matrices, known
as four-textures, along with a hierarchy among the parameters therein, can yield the
observed hierarchy of fermion masses, and the physical Yukawa coupling patterns of

the Cheng Sher ansatz. The four-texture matrices proposed have the form,

/s 0 C; 0 /3 0 Gy O
2 - 2 _
@0 — e C: B, B, P90 = — C3, Bog Bag|- (12.40)

Without loss of generality, one can assume A, > 0. This structure is called a four-
texture because the four elements for quarks pY}, p%, pH}, and pf} are assumed to
be zero. We also assume Hermiticity so the couplings do not introduce new sources
of CP violation into the model. This implies the p3Q1 are also zero, ,OQQ1 = p%*, and
p3Q2 = p%*, so there are only four unique elements in each matrix (for Q = U, D, E).
Note that the simpler six-texture form, with Bq = Bz,q = 0 also has been studied

but is found to be disfavored by CKM phenomenology. Four-texture forms on the

other hand, can generate the correct CKM matrix angles.

12.4 Rotating into the Quark Mass Basis

We suppose the mass matrices Mc? , which are proportional to the Yukawa
coupling matrices k99 have the four-texture form and are Hermitian for simplicity

and so the couplings exhibit CP symmetry,

0 C, 0
M = |c: B, B, with |Aq| > | By, |Byl, |Cyl (12.41)
0 B; 4

where the hierarchy of A, By, Bq, and C,; supports the observed quark mass hierar-

chy. The parameters A, and B~q are real due to the hermitian condition, and B, and
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C, are complex. We will also assume the 0?0 matrices have the same four-texture
form and hierarchy as the quark mass matrices.

In order to find the Yukawa coupling matrices in the quark mass-eigenstate
basis, denoted by p?, whose elements will appear in the physical Higgs-fermion

couplings, we diagonalize the quark mass matrices,
M, = diag(£mf, Fm§, m§) = 05 PgMIPLO, | (12.42)

where the matrix Py is designed to factor out the phases of B, and C;. We denote
the phases by ®p, and ®¢,, and they are both taken between [0, 27],

1 0 0
Py =10 %8 0 ) (12.43)

0 0 H®Bt2cy)
At times we may drop the scripts ¢ (or equivalently @) which distinguish between the
unique parameters for the U or D type quarks (or E in the case of leptons) because
the pattern is identical for all SM fermions besides the neutrinos. We use the same
unitary matrix OSPQ which diagonalizes the mass matrix to rotate the p® into
the quark mass-eigenstate basis. Denoting the eigenvalues )\'f7273 of the diagonalized
quark mass matrices M, and using the trace and determinant properties of similar
matrices and the characteristic equation, we can express B’q, By, and Cy in terms of

A, and the quark mass eigenvalues, denoted as )\%2’3:

By = M+ 2+ - A, (12.44)

B, = \/ (Ag = AD(Ag — ANV — 4,) 12,15

A ’

_ )\q )\q )\q
Cql = | — 222 (12.46)
Aq

We will take the fermion masses as inputs to the model, along with the three pa-

rameters A,, for which we take A, = A3 = A. = A = 0.81444 which comes from the
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best fit of the CKM matrix in Ref. [97].
Under the assumption that A, > |B,l,|B,l,|Cy|, and working in the con-

vention in which A] > |X]| > |\{|, one can use second-order perturbation theory to

derive,
L]~ By = 1B
)\‘{’225 B, — Aqq j:\/(Bq— Aqq +4|Cy)2 |, (12.47)
B 2
A~ Aq—|—| d , (12.48)
Aq

where terms of O(1 /Ag) have been dropped. The determinant Eq. then
forces either AY < 0 and A > 0, or A > 0 and A} < 0. In order to keep track of
both cases at simultaneously, we define the parameter n, = A]/md = £1. We will
work in the convention with n, =1, or AJ > 0 and A\{ < 0, but both n = £1 will be
probed in parameter scans as follow-up work to this dissertation. Note that a six-
texture ansatz with Bq = 0 would force us into the other convention with n, = —1.
The Xf’273 are related to the quark masses via /\7f’d = FMyd, /\Z’d = £my,., and
)\g’d = my, for the quarks and similarly for the charged leptons. The masses mim
are positive and, without loss of generality, we are working in the sign convention in
which A > 0.

The matrix which diagonalizes Mg (after the phases are removed) can be

analytically computed in terms of the A} and A,

Xohs(A—X1) >\1>\3(>\2 A) M2 (A—)s)
A2 1)(A3—X1) n\/A()\z ) (s—X2) \/A()\gf)\l)()\gf/\g)

_ M A) N (A_A2) 2O —A)
0y = _n\/(h—l)\l)l()\s—)\l) \/(A2—2A1)(>\32—>\2) \/(A3—3>\1)3(>\3—)\2) , (12.49)

\/ A (A=X2)(A=X3) _\/ Aa(A—X1)(Az—A) \/ A3(A—X1)(A=X2)
AD2—A1)(A3—A1) AD2—2D)(A3—A2) ADs—A1)(Aa—A2)

where we have suppressed the quark flavor indices ¢ for clarity. The coupling matrices
become very complicated when they are rotated into the quark mass-eigenstate basis.

We will assume that the elements of p@° have the same hierarchy as the mass matrix
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by assuming that its elements are those of the mass matrix A,, By, C4, and Bq,

multiplied by order one constants, ag, by, ¢g, and l;q,

0 ¢Cq; O
pt == cqCs byBy bBg | - (12.50)
0 BB agA,

In principle, these order one parameters can be complex, however, for simplicity in
this work shall will restrict ourselves to the CP-conserving case in which they are

all real. The coupling matrices in the quark mass-eigenstate basis are,

,0?1 P% P%
_ AT 0pteoy .
p? =0LPap?° PYOg = | p% 1% | (12.51)
P3Q1 Pst P:?s

where each element is very complicated, in light of Eq. (12.49) and Eq. (12.46)). We

will use the exact matrix elements, taking the masses and A, as inputs, so cos(8—a),
the order one parameters, and some Higgs potential parameters are the only free
parameters in the theory.

However, to see if the Cheng Sher-like coupling pattern is roughly emergent,
we take a detour to study an approximation in which Ay, mi, md > mi. Defining

the relation,

Ay = my(1 - By2), (12.52)

with z = mg/m3 < 1 and 0 < 8 < 1, we can expand in powers of z to approximate
the matrix elements pg Then we define the complex matrices Xij = ijew?j which

include all factors besides the mass dependence and v at leading order in z,

Q _ VI cq (12.53)

Pi; = sz‘j .

This is similar to the Cheng-Sher ansatz but complex phases can appear now (al-

though we work in the CP-conserving limit). One then finds that A, ~ mg,,
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B, ~ \/mg,mg,, and Cyq ~ /Mg My, |85] The leading order prefactors of the x;;

matrix elements are:

Xt
Xi2
X1s
X392
X33

-4
X33

[65 — (c57e" ™ + cfe™ )i + [ag + bg — (b57e' TP + bje™ " P0)] B,
(c5e™"PC — bg) — nglag + 0§ — (b§e"*Pa + e~ "50)] 5,

(a3 — bge_@Bq)nq\/fB:

bnq + aj + b5 — (b57¢ P50 + be ™" "54)] 6,

(b5e™" 50 — a3)\/By

al. (12.54)

The diagonal elements x¥; are real, while the off-diagonal elements have phases, al-

though we will work in the CP-conserving limit with no phases. Inserting Eq. (12.53)|)

and Eq. (12.54) into Eq. (12.38)), the physical Yukawa Lagrangian becomes,

VM My
TXij)h
N
TJX%)H

VALY
—157\/5 “Xi s Al ug
VM _ g, h
Txij)
V1M Md; g, H
TXij)
mq.my. ~ dx

L sAld;. (12.55)

V2

1
—gY = ;HZ [(Sﬂfamulézj + 6Cﬁ701

+ (cg—aMu;0ij — €55—q

+ ;Ez [(Sﬁ—amdiéij + ecg_a

+ (Cg_amdi(sij — E83_q

i

+1ie

This approximation shows the rough Cheng Sher-like couplings but we employ the

exact expressions as in Eq. (12.38]). While this expression contains the parameter

€, which keeps track of the sign definition of the field Hs, it is invariant under

changing the sign of Hs since e, cos(f — a), H, and A all change sign. Note that

e cos(f—a) = —|cos(f—a)|. The expressions below show the translation between the
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physical Yukawa couplings for up- and down-type quarks whether the four-texture

ansatz is assumed for the coupling matrices in the Higgs basis or a generic ®-basis,

for ¢ = h, H, A,
Y 1 \/Qmuz(sl.] \% muimuj ~u,G U 12.56
d)uluj : cot 8 y - vsin B ij  — €Pij> ( : )
V2mg, 0 Md,Md; _q G D
¢did; : —tan ” + vcosﬁ] i = Epi (12.57)

where we have used the trig identities in Eq. (12.16)) and the G script denotes

quantities defined in a generic ®-basis.

12.5 Four-texture Ansatz Manifest in a Generic Basis

and Expressed in the Higgs Basis

As an aside, we will also show that one obtains the Yukawa coupling results
in the literature, as calculated in Eq. and Eq. , if we assume the four-
texture forms are manifest in a generic ®-basis and then express them in the Higgs
basis. By establishing an ansatz for Mg, which is defined in an arbitrary ®-basis,
the authors of [85] have promoted this generic ®-basis, and hence the angles o and
0, to be physically significant. Here § represents the angle one must rotate in Higgs
flavor space to transform from the ®-basis in which the ansatz is realized to the
Higgs basis. These matrices are related to the coupling matrices in the Higgs basis
via,

1753’0 = ?sinﬁMg + cos B p@0. (12.58)

To simplify the analysis, and obtain an approximation that looks like

the Cheng Sher ansatz, we will assume the Yukawa coupling matrices 7 0 (which
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Ref. [85] calls Y3) have the same four-texture form as the mass matrices,

0 ¢Cq; O
s’ = | eyC byBy byBy | (12.59)
0 BB agd,

where ag, by, l;q, and ¢, are real, order-one constants. Then, rearranging Eq. ((12.58),

the ansatz for Mg and 7y 0 gives the basis-invariant coupling matrix,

1
0 _ Q0 V2 - 0
p20 = cosﬂ(m — Y= smﬁMq>, (12.60)

or written out in matrix form, we find,

0 (cq — Lsin B)C, 0
1
0 _ . . .
P20 = o5 (cq — ?smﬂ)Cq 0 (bg — ?smB)Bq
0 (bg — ? sin B)Bj; (ag — ? sin 5) A,

(12.61)

Then the neutral Yukawa Lagrangian in the Higgs basis and quark interaction basis,
—0 . X —=0
— Ly = U (HPEYO + HY pUO\US + D (HIPOT + HYpPO T DY + hec., (12.62)

with Eq. (12.35) and Eq. (12.60) and writing the Higgs basis field in terms of mass

eigenstates,

3 3
1 1
HY = — v+§ h HO:—§ Ry 12.63

reproduces the results in Eq. (12.21) and Eq. (12.33)), which are also shown in

Ref. [85].
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k qr1 qk2

1 C12€13 —S812 — 1C12513
2 512€13 C12 — 1812813
3 513 113

Table 12.2: Basis-invariant combinations g; are functions of the neutral Higgs mix-
ing angles 012 and 613, where ¢;; = cos(6;;) and s;; = sin(6;;). The angles 612 and
0,3 are defined modulo 7. By convention, we take 0 < c13, c13 < 1.

12.6 The CP-violating Case

In the CP-violating case, the simple gj; in Table above become those
in Table With these replacements, the Yukawa Lagrangian becomes,

—.Z{{ = ﬁz(H?*ﬁU’O —|—Hg*pU’O)U1% + h.c.

3 3

—0r "
= % Up § Gor b 570 + E Qo PU’O} Up + h.c.
k=1 k=1

= 75 UL |(aih1 + gatha + a31hs)s™° + (aish1 + aoho + Q§2h3)pU’0} Up + h.c.

= UL (ans7+ alap" )b+ (@ns"+ gino” s + (g1n” + giap” s | U + hec.

1 - e /MMy
~ ;UL (q11mu5uu’ + QIQ#qu’)hl
w VMM
+ (q21mu5uu’ + ChQ#qu’)hQ
MMy My
+ (g31mubuw + qg‘Q#xw/)hg] Ur + hec.. (12.64)

12.7 Approximate Analysis of the Yukawa Matrices

As an aside, if one wishes to only approximate the four-texture matrices
and their diagonalization, as shown in [90], one can simplify their analysis greatly.
Taking Eq = 0 (six-texture) for the moment, and working in the A\; = m; and

Ao = —my sign case, we can express the parameters in Mg in terms of the quark
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masses,

Aq = mi1 — Mo +Mms (12.65)

|Bg| = \/m1m2 + mamgz — myms — |Cy|? (12.66)

Gyl = |28 (12.67)
Aq

If we consider m; to also be much lighter than ms, and so extend the mass hierarchy
to ms > mo > my, as is roughly evident in the quark mass hierarchy, the expressions

above reduce to:

A, ~mg, |Bg| =~ /mams, |Cy| = /mima . (12.68)
The mass matrices are then diagonalized,
_ T ptas0
M, = OgPyM;Po0q , (12.69)

where in this approximation the diagonalization matrix PoOg is given by,

e Um0
PoOg = |0 ¢®s 0 Vmi/ma ! /s
0 0 IC TR o) _\/ml/m3 \/mQ/m3 1

(12.70)
Comparing this with Eq. (12.49)), we see that this rotation matrix is much simpler

and is easier to understand in terms of a pattern of ratios of quark masses.
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Chapter 13

Phenomenology

We return to our main line of reasoning, having assumed the four-texture
ansatz is manifest in the Higgs basis and working with the physical couplings that
arise after rotating into the quark, lepton, and Higgs mass bases. We employ the
program HiggsTools to find the regions of parameter space that are not in conflict
with any experimental result for searches for new scalars or precision hjo5 Higgs
boson measurements. For parameter points in those regions, we then compute many
flavor-violating observables. We compare these results with the latest experimental
bounds to determine the range of validity of this model. Finally, we summarize
the implications of having suppressed yet nonzero off-diagonal Yukawa couplings on
future searches for flavor-violating processes at particle colliders. In particular, we
present which flavor-violating channels we expect to appear in collider data first,

pertinent to the framework of the four-texture model.

13.1 Parameter Scans

To probe all possible regions of parameter space, we perform a scan over

cos(f — «) and the order one parameters ag, by, ¢g, and l~)q. The scan reveals that
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Log-uniform Distributed Order One Parameters
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Figure 13.1: When we say we scan over order one parameters, we mean numbers
that lie in the range [0.5,5], have either sign, and are log-uniform distributed, as
shown. This way they do not skew the average values higher than 1. Viewed on a
logarithmic plot, the distribution would appear flat. One can also see that cos(8— )
has a flat distribution and is restricted to [—0.2,0.2].

cos( — a) < 0.2 and we implement log-uniform distributed order one parameters,
so that their distribution is flat when viewed on a logarithmic plot. This compresses
most points to be near the lower end of the range, and fewer appear up near the upper
end of the range. We take all order one parameters to be log-uniformly distributed

in the range (aq, by, ¢4, l;q) € [-5,—0.5] U [0.5, 5], which is accomplished via,

(—1)? [logy(0.5) + r(10"810®) —1og,(0.5))] (13.1)

where p is +1 or -1 chosen randomly to get parameters of either sign, b is the lower
limit 0.5, r is a random number between [0, 1] with a flat distribution, and ¢ is the
upper limit 5. We first check that the resulting model parameter points produce a
scalar, identified as the lightest Higgs boson A in our model, that has production
and decay properties that closely resemble the observed SM-like scalar hiss with a

mass of 125 GeV.
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To determine whether a parameter point produces a satisfactory h, we
calculate the hf f’ couplings it predicts and pass this information to the public code
HiggsTools [91]. In particular, we define HiggsPredictions objects, run HiggsSignals
on them, and only keep points with Ax? <6, where Ay? = x?—123. These points are
colored green in Fig. HiggsTools incorporates 131 precision Higgs observables
in total but only 123 observables are used in the most precise mode, SMHiggsEW
(see the “Reference Model” section of the HiggsTools documentation [91]), which
includes higher order electroweak corrections than the SMHiggs reference model.

For the time being, we decouple the other Higgs bosons by setting their
masses at my 4 g+ = 800 GeV. This causes their contributions to cross sections
and branching ratios to be suppressed and become insignificant so we can focus on
studying models with a valid h boson. In future work, we will decrease the masses
of the other scalars to investigate in which channels they might first appear in new
particle collider data, and how they may modify the branching ratios of the channels
we discuss below. Recall that the electroweak T parameter forces either my or my
to be within about 60 GeV of myx+.

We also pass all parameter points through HiggsBounds, which tests our
predictions against particle collider searches for scalars. In Fig. red points
fail this test, and most of these points have large Ax? anyway, while blue points
are determined by HiggsBounds to not be in conflict with any bounds coming from
collider searches for scalars. Green points also have Ax? < 6, so these are the points
we use in our phenomenological study.

Due to the formulae for the elements of the matrices ng, as shown in

Eq. (12.54)), and the parameters therein being order one, our scans can only produce
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points with maximum values for each [xg;|. Also, larger [x{;| are more likely to violate
either HiggsBounds or HiggsSignals because they would produce large deviations
from the SM couplings and insufficiently suppressed FCNCs. In Figs. and
we show the allowed values of the most critical coupling matrix elements pg,

which are calculated exactly but roughly follow the Cheng Sher-like pattern shown

in Eq. (12.53)).
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Figure 13.2: HiggsTools results of a scan over cos(S—a) and the order one parameters
aq, by, cqs Bq. Panel (a) shows how most points generated have a Ax? < 600 and the
scan also generates many points which horribly violate hios data, and hence have
massive Ax? > 600. Red points fail the HiggsBounds test which compares our
predictions with particle collider searches for scalars. In panel b, we zoom in on the
many points which do have small Ay? values. From this point forward, we only keep
green points with Ay? < 6.
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Figure 13.3: Panel (a) shows where all parameter points land in cos(8 — a) vs pS;
space. We see that either pY; = py or cos(8 — ) has to be small so the cross
section o(gg — h) is not too far from ogn(gg — h), since gluon-gluon fusion Higgs
boson production is dominated by ¢ quark loops. In Panel (b) we show only points
that satisfy HiggsBounds and have Ax? < 6, which are the points we keep for our
phenomenological studies. Values of ps; larger than 4 are inaccessible if ay, by, Cy, Bu
are order one parameters. Yellow points also satisfy all flavor-violating limits that
we calculated, as discussed in the next section.
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Figure 13.4: The largest elements in p”P¥ are the i = j = 3 elements on the
diagonal, corresponding to Higgs’ interactions with ¢ quarks in the top panel, b
quarks in the middle panel, and 7% leptons in the bottom panel. We see that small
cos(f — ) is favored in all cases, yet values as large as ~ 0.2 can be reached for all

Pij-
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Figure 13.5: The p§2 elements on the diagonal are expected to be much smaller than
the pk; elements in Fig. These correspond to Higgs bosons’ interactions with
¢ quarks, s quarks, and muons.
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Figure 13.6: The pl| values are expected to be the smallest of the diagonal elements.
These correspond to Higgs bosons’ interactions with v and d quarks and electrons.
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Figure 13.7: The Pgs elements should be suppressed compared to the p3F3 elements.

These couplings introduce flavor-violating Higgs-fermion interactions between ¢ and
c quarks, b and s quarks, and taus and muons.
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Figure 13.8: The pﬂ elements should be very suppressed compared to the p3F3 el-

ements. These couplings introduce flavor-violating Higgs-fermion interactions be-
tween t and u quarks, b and d quarks, and taus and electrons.
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Figure 13.9: The pf; elements should be suppressed compared to the p§2 elements.
These couplings introduce flavor-violating Higgs-fermion interactions between ¢ and
u quarks, s and d quarks, and muons and electrons.
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13.2 Bounds on Flavor-violating Observables

With a heap of viable parameter points in hand, we can turn our attention
to flavor-violating processes. We ask what kinds of branching ratios our model
points predict, and are they near, above, or below current limits. This analysis
will eliminate some regions of parameter space. Keep in mind that we can always
produce points with arbitrarily small couplings in our scans, so we can always have
viable parameter space, yet those kinds of points are not particularly interesting
because they do not predict anything observable. The most critical flavor-violating

observables in our model are the following processes:
1. h— F6f
2. 0F 5 05 4
3. 0F = Eif e
4. t—=c+h
5. Neutral meson mixing: PY — FO, where P = K, B, 4, D
6. Bg,d — 00T for £=p, T

7.b— s+ (E0F

When we use the 4+ symbol on the right side of a process A — B* only, we mean
the sum of the two possible final states, which are equal because we are working
in the CP-conserving limit. This doubles the value of the branching ratio. When
+ also appears on the left side of the equation A* — B*, we are mean either one
sign or the other, which are equal in the CP-conserving limit. Below, we discuss
each process and the formulae used in their calculation, and we plot the resulting

predictions and compare with experimental bounds.

148



FV Channel 4-texture Max. BRs Exp. Bound on BRs
h— 75+ uT 1073 1.5x107%  95%
h— 7% e 107° 22x107%  95%
h— put +eF 107° 6.1 x107°  95%
St 4y 10710 4.2 x 1078 90%
T et 4y 10-1 3.3x107%  90%
pt — et 4y 1078 (1) 42x 10718 90%

t—h+c 1073 73x 107  95%
po — e ete” 10712 1.0x 1072 90%
T~ — e ete” 10713 2.7 x 1078 90%
T = pete” 10~ 2.7 x 1078 90%
7 — pteTe” 101 1.7 x 1078 90%
T = e putpuT 107 1.8 x 1078 90%
T = etupo 1079 1.5x 1078 90%
T = pptus 1077 2.1 x10°8 90%

BY — utu~ — (3.01 £0.35) x 107
BY — 7t~ - 6.8 x 1073  95%
BY — utu~ - 7 x 1071

BY) — 7t7 - 21x107%  95%
b— s+ putp — —

Meson Mixing 4-tex. Max. |CF| GeV™2 | Exp. Bound on |C]| GeV~2

K°- K’ 10-11 3.6x 10715 95%
B’ - B 10710 1.6 x 10711 95%
BY - B, 10-11 2.1%x 1078 95%
p°-D° 1011 (1) 48x 1074 95%

Table 13.1: The column on the left shows all flavor-violating channels’ branching
ratios that we computed and expected to provide the strongest cuts on our model’s
parameters. The largest possible BR’s predicted by our scans are shown in the second
column, and the experimental upper limits [24] for each are shown in the column
on the right. Note that we can always produce models with smaller BR’s in a given
channel to evade the experimental limit, but being able to produce a signal that
could eventually be measured is far more interesting The dashes represent channels
in which our calculations are still in progress. The neutral meson mixing section
at the bottom are included to list all considered flavor-violating processes and the
bounds on Wilson coefficients are shown in Table below.
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Figure 13.10: Higgs boson decay into two different flavors of leptons due to the flavor
non-conserving interactions in this model.

13.2.1 h — 656F

£eF are found to be non-zero in

The processes h — 75uT and h — 7
LHC Run 2 data [95]. The most stringent constraint on our model comes from
BR(h — 7 4T), while limits on BR(h — 7%eT) and BR(h — pFeT) are likely to be

weaker in all regions of parameter space. The BR(h — 75¢T) is [88],

I'(h—7707)+T(h— 7 (F)
1)

BR(h — 74F) =

2
CBamh

E 2 E 2
= 13.2

where ¢ = p1,e. Since we are working in the CP-conserving limit, in which the p¥

matrices are Hermitian, the phases vanish and Eq. (13.2)) simplifies to,
BR(h — 74F) = (4.95 x 10%) ¢, p2; , (13.3)

where we have used the measured value of the Higgs decay width I';, = 3.2 MeV [24].
ATLAS and CMS have both reported excesses in h — 7+ + uF, and they find best

fit values consistent with one another [87],

BRarras(h — 75uF) = (0.77 £ 0.62)%, (13.4)

BRous(h — 75uF) = (0.84703)% . (13.5)

The SM cannot generate these values, so this is an indication of BSM physics. We

see in Figs. [13.11}{13.13] the predictions of our model and the experimental limits.
150



Largest Possible BR(h — 7% uT)
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Figure 13.11: Branching ratio vs. cos(f — «) for the process h — 7 + p.

Black points pass HiggsBounds, have Ax? < 6, and do not make predictions in any
FV channel that we calculated (besides y— ey and D— D) that is in violation with
current bounds. The colors represent in which channel a point violated the limit.
The purple points are plotted first, then blue, green, yellow, red, and finally black,

on top of one another in that order.
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Largest Possible BR(h — 7%¢7)
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Figure 13.12:

Largest Possible BR(h — p*eT)

Branching ratio vs. cos(8 — «) for the process h — 7 + e.
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Figure 13.13: Branching ratio vs. cos(8 — «) for the process h — pu + e.
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P

Figure 13.14: One-loop Barr-Zee type Feynman diagrams used in the calculation of
BR(@E — EQi + ), where ¢ = h, H, A,. The diagram with the heaviest lepton 7% in
the loop dominates. These diagrams correspond to the first sum in Eq. and
are suppressed compared to the two-loop diagrams [92].

Y

t,b, T

—> < AN

Figure 13.15: Dominant two-loop Barr-Zee type Feynman diagrams used in the
calculation of BR(Z{E — @t + 7), where ¢ = h,H, A, and the heaviest fermions

t,b, 7t and W¥ bosons dominate the loop factors. These diagrams correspond to
the second and third sums in Eq. (13.8) from Ref. [92].

13.2.2 £F — 05 +~.

In these channels, Barr-Zee type contributions at two-loop level are domi-
nant in most cases [87], so we must compute the branching ratios to two-loop level.
We know pu* — et + 7 is measured most precisely but there is a mass factor sup-

+

pression, so the strongest bounds are likely to come from 7+ — pu* + ~. For the

T — p 4y process, we have [92],

(r— py) 4878«
D(t —wv)  G%

4.2 x 1078

2 2
(ALl + 1 A4r?) < ==,

(13.6)

where the current bound BR(7 — py) < 4.2 x 1078 was used [24] to obtain an

estimate of the limit on the amplitudes Ay and Apg, which are equal in the CP-
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conserving case, so we denote them with A,
A~ 107'Gp. (13.7)

Following Ref. [92] (also see [87]), we can estimate BR(7 — u7y) by neglecting the
lepton masses in the kinematics and including the one-loop diagram in Panel (a)
of Fig. which corresponds to the first sum below, and a subset of two-loop
diagrams, as shown in Panel (b) and one with the W= loop replaced with a t or b
quark, which correspond to the second and third sums below. The amplitude for

T — 1+ 7, for example, is given by,

2
A ~ 1 \/5 Z 9our9orr In % o §
1672 2 mé m2 2
NCQ?a 1 mfe
+ 2 ) Gourdoss fo ()
% o T Mmsmy mi
gO[
- Z 9¢>;LTC¢WW27 X
Pary® MMy
m2 m2
2 2 2 fo(ZH) —g(54)
m 23 [m 3 m m m
o (2) 2o () )
¢ @ é w

where ¢ = h, H, A and f = t,b, and the coupling g4 of the internal loop fermion

to the scalar ¢ are,

my P!
! = — _ ! —_— _ 1 .
In,ff o S8—alyy |cs—al ok (13.9)
mf pf /
L Y P i 13.10
9H,ff p B-alif = Sh-a”m ( )
P
ga gy = i1 (13.11)

\/i )

where g4y appears in the Feynman rule with a ~5, and the coupling gsww is,

goww = igmw Coww g"", (13.12)

Coww = 38-a, Coww = cg—a, Caww =0. (13.13)
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Figure 13.16: The one-loop Barr-Zee type Feynman diagrams in the calculation of
BR(p* — e +7) where diagrams with virtual 7 and p are included but virtual e are
neglected [87]. The two-loop diagrams still dominate since these one-loop diagrams
will be suppressed by small off-diagonal couplings [93].

In all these processes, the heaviest fermions in the loops dominate.

Note that for the process pn — e + y there are one-loop diagrams with a 7
or p in the loop [87] as shown in Fig. and the 7 loops dominate the one-loop
diagrams. We neglect virtual electrons due to their small mass. At two-loop level
we also include Z bosons in the loop for the yu— e + gamma case.

The functions f(z), g(z), and h(z) in Eq. (13.8) above are [92]:

z [* —2z(1—=x z(l—z
fnu(z) = 2/0 dx (2(12_ Evl) — z)) In (12 ) (scalars), (13.14)
z ! z(l—x
9(z) = falz) = 2/0 dxa;(l _133) _Zln (1z ) (pseudoscalar), (13.15)
z (! T z z(l—z
h(z) = _2/0 o dx)z {1— o (1Z )| (13.16)

A crude approximation of these functions for arguments z of order 1 are,
f(z) ~g(z) ~h(z) ~ z, for z ~ 1. (13.17)
When 2z <« 1, they are approximately,
fo(2) ~ g(ln 2)%, h(z) ~ zIn(z), for z < 1, (13.18)

where ¢ = h, H, A. Since we are taking mpy 4 g+ > mp = 125 GeV, we could use

the approximations for z;’b’w being order one or small:
ey, ey, W (13.19)
me me me
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Figure 13.17: Functions used in Eqs. (|13.22)—(13.23)) for the evaluation of Barr-Zee
type diagrams at two-loop level for the processes Kli — EQi + v. They depend on
dilogarithmic and Clausen functions.

which implies that for ¢ quarks and W bosons in this approximation,

(mt,W) - myw 7 g(mt,w> - mew ’ h(mt’w> -~ mew ’ (13.20)
me me me me Mg me
and for b quarks in this approximation,
my my my \ 2 my my mp \ 2
) ~ oG o) ~ e ()
meg 2my Mg me 2my me
2
h(@) ~ Ty <@> . (13.21)
m¢ de) m¢

However, we compute the integrals analytically and find results that depend

on dilogarithm and Clausen functions,

f(z) = z2+1nz) + (1 —22)g9(2), (13.22)

~ 2[29(2) +Inz]

h(z) = == (13.23)
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and an explicit expresson for g(z) is,

9(z) =

where 24 = $[14++v/1—4z] and 0 < sin™! [1/(2y/z)] < 3 for 2 < 1. The function

g(z) is cont

Equipped with formulae for these integrals, we can evaluate the two-loop

Barr-Zee contributions and plot the resulting BR(¢* — ¢* 4 v), as shown in

z

2z 1
—C(Cl (2'_1—), f >1,
/e 2| 2sin NE or z > g

1

inuous at z = 5 with a value given by g(%) = In(2).
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Figure 13.18: Branching ratio vs. cos(f8 — «) for the process 7 — p + 7.
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Figure 13.19: Branching ratio vs. cos(f8 — «) for the process 7 — e + 7.
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Figure 13.20: Branching ratio vs. cos( — «) for the process p — e + . We did not
expect these predictions to be so large and we continue to study how pf; is larger in
our model than when one makes approximations which lead to the explicit Cheng

Sher ansatz.
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Figure 13.21: Process by which a top quark radiates a Higgs boson and transforms
into a charm quark because of flavor non-conserving Yukawa couplings in this model.

13.2.3 t—c+h

For the channel in which a top quark radiates a Higgs boson and becomes

a charm quark t — ¢+ h, we have [8§],

macha (P17 + 105 1%) ( mi>2

BR(t = h+c¢) = 64T
t

= 0.28¢3, e » (13.25)

since p' = pi¢ in the CP-conserving model, and we have used I'; = 1.42 GeV for
the top quark width [24]. We can also compute the rates for radiating an H or
A by replacing my, and cg, with sg, and mp 4, respectively. The current ATLAS
upper limit is BR(t— hc) < 4.0 x 10~% at 95% CL. This is weaker than the expected
limit of 2.4 x 10~* at 95% CL., so a non-zero rate is preferred. Similarly, CMS
finds BR(t — he) < 3.7 x 1074 at 95% CL., compared to an expected sensitivity of

3.5 x 1074, The high-luminosity LHC can probe BR(t— hc) < 1.1 x 10~* [38].

159
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Figure 13.22: Branching ratio vs. cos( — «) for the process ¢t — h + c.
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Figure 13.23: Feynman diagram for one lepton decaying into three other leptons,
potentially with different flavors ¢+ — Ef@cﬁgt.

13.2.4 Three-lepton Final States

For the process of one lepton decaying into three others ¢+ — Bf@Ff;}t, we

have the following formulae [96]:

BR(u~ — e ete) =

BR(t-— e efe) =

BR(T™ — p ete) =

BR(T™— ptee”) =
BR(r™ = e utp)

BR(r™ = et pu)

BR(7™ = pu~ptp”) =

W =

W = W ot

w| ot w | ot

W ot w| ot

5
T, m
211;;_3 mii (peupee)zv (13.26)
¢
T md 9
o113 ;4 (Perpee)” (13.27)
¢
5
T, m2 9 5 1
21():_‘_37717;1S |:(p/u'pee) + (peTpeu) + 2pm'peepefrpeu:| )
(13.28)
o me )
91273 E(Pw—ﬂeu) ) (13.29)
¢
5
T m 1
210;3 miz [(peTYML)Q + ('O“Tpe“)z - QPeTpuupque#} )
¢
(13.30)
Tr m5 9
512,34 (PurPen) (13.31)
T my 2
o113 ;4 (Pur Pps)” (13.32)
¢

where 7, and 7, are the lifetimes of muons and tau leptons in units of GeV. The

conversion is 1 GeV = 6.582119569 x 10~25 s 1,

The current limits on the ¢ — 3¢
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processes are [24],

BR(7 — 3u) < 2.1 x 1078, (13.33)
BR(T — pfe et) < 1.7x 1078, (13.34)
BR(p — 3e) < 1.0 x 10712, (13.35)

In Figs. Figs. |[13.24}13.30] we show the model’s predicted BR’s and current limits

[24] for these processes.
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Figure 13.24: Branching ratio vs. cos(8 — «) for the process u= — e ete™.
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Figure 13.25: Branching ratio vs. cos(8 — a) for the process 7= — e~ ete™.
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Figure 13.26: Branching ratio vs. cos(8 — «) for the process 7~ — p~eTe™.
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Figure 13.27: Branching ratio vs. cos(8 — a) for the process 7= — ute e™.

Largest Possible BR(7~ — e utu™)

1079 4
A °
L] L[]
—~
' 1071 -
+ . .
‘1 . ° L4
\8) °
T 10-13 4 ©
‘ L] ° [ ]
=~ .
S~— )
@ 10710 - HB +AxZ+ FV
K-K
¢ a o, ° o t—he
10717 ) o T pupp
B,—By
[ ° [ ] Bsfﬁs
T T T T T
—0.15 —0.10 ~0.05 0.00 0.05 0.10 0.15
cos(f — a)

Figure 13.28: Branching ratio vs. cos(8 — «) for the process 7= — e~ pu™.
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Largest Possible BR(7~ — et ™)

1077 4
° R ® ¢
/‘_\ 10—11 . o
\i : ® ® .
+1 10—13 4 ° °
N8J
/[\ L]
‘ 715 | e e
£ 0 .
% . HB +AxZ+ FV
10717 4 [ 4 K*R
. '. * ¢ e t—he
. * o T pupp
10719 ~ . By—By
¢ ° B_;*Es
T T T T T
—0.15 —0.10 —0.05 0.00 0.05 0.10 0.15
cos(f — )

Figure 13.29: Branching ratio vs. cos(8 — a) for the process 7= — et~ ™.
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Figure 13.30: Branching ratio vs. cos(8 — «) for the process 7= — pu~putpu™.
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Figure 13.31: Four new tree-level neutral meson mixing diagrams that arise with
flavor-violating Yukawa couplings. There are tight bounds on these processes, which
only appear at loop-level with W* exchange in the SM.

13.2.5 Neutral Meson Mixing

In this flavor-non-conserving model, the mixing of neutral mesons gains
tree-level processes mediated by the exchange of a neutral scalar. The process for
tree-level PO—P° mixing, where P = K, B, 4, D, is shown in Fig. There are
also new box diagrams at loop-level, although they are suppressed compared to the
new tree-level diagram. Fig. shows a new diagram in the 2HDM which arises
because of the presence of charged Higgs bosons, which take the place of W* bosons
in the SM process. In Fig. we see another new process, due to flavor non-
conserving neutral Higgs exchange. These loop-level processes will be suppressed

compared to the new tree-level diagrams.
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Figure 13.32: A new neutral B meson mixing diagram that arises in the 2HDM
with, in which charged Higgs bosons take the place of W exchange. Since we
decouple the other states by giving them masses 800 GeV, this diagram does not
significantly contribute to the calculation of neutral B meson mixing. There are
analogous diagrams for K° and D° mixing.
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Figure 13.33: New box diagrams that arise due to flavor-violating neutral Higgs
interactions, although they are suppressed compared to then new tree-level diagrams.
There are analogous diagrams for K% and D° mixing.

Of the neutral meson mixing processes, kaon mixing K — K is measured the
most precisely and is expected to place the tightest constraints coming from neutral
meson mixing processes on the four-texture model. The processes that we are next

to most sensitive to are B, 4 —F&d mixing. Finally, we will also check D — D mixing

Q
ij

because the formulae are so similar, although we do not expect a limit on any p.% to
arise from considering this process.

For these processes we have bounds on Wilson coefficients, and a crude
way of computing them in this model. After integrating out the three neutral Higgs

bosons, the dimension six effective Lagrangian describing Bs; — B, meson mixing

is [52],
L = OQ(ERSL)Q + ég(l_)LSR)2 + C4(Z_JR$L)(Z_)LSR) + h.c., (13.36)
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Wilson Coeff. Max. Allowed 95% [GeV 2]
|Re CK| 1.9x 1071
|Re CK| 3.6 x 10717
[ 5.6 x 10711
|CB:| 1.6 x 10711
e 7.2x 10713
lerdd 2.1 x 10713
|CP| 1.6 x 10713
ICP| 4.8 x 1071

Table 13.2: Wilson coefficients for neutral meson mixing PO—PO, where P =
K, Bs 4, D. The limits are taken from Ref. [99].

in the CP-conserving limit, with Wilson coefficients given by,

D\2 /win2(n 203 _ 1
Cy — (p?f) <sm f}%{ @) L o8 55}21 @) mi) 7 (13.37)
62 _ (053*)2 (sin2(52— a) n COSQ</82_ @) _ 12> , (13.38)
4 my my, Ly
_ () (o) (sm*(B—a)  cos’(B—a) 1
Cy = 5 ( m?, + w2 + m?4> ) (13.39)

where ,02%* = p3D2 in the CP-conserving case, so Co = Cy. We also decouple the heavy

Higgs bosons for now. There are analogous Wilson coefficients for By, K, and D

mixing. The limits on these parameters are given in Table which were obtained

from [99]. Figs. [13.34f-{13.37| below show the various 054 and their limits.
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Wilson Coefficients |Re CX,— for K — K Neutral Meson Mixing
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Figure 13.34: Wilson coefficients Cy and Cj for neutral kaon mixing K—K and their
limits shown as dashed red and pink lines, respectively.

Wilson Coefficients |C'2;

for B,— B, Neutral Meson Mixing
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Figure 13.35: Wilson coefficients Cy and Cy for neutral strange meson mixing Bs—B,
and their limits shown as dashed red and pink lines, respectively.
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Wilson Coefficients |Cfi| for B,— B, Neutral Meson Mixing

10—11 m

10713 4

—0.15 —0.10 —0.05 0.00 0.05 0.10 0.15

cos(f8 — a)

Figure 13.36: Wilson coefficients Co and Cj for neutral kaon mixing By — By and
their limits shown as dashed red and pink lines, respectively.

Wilson Coefficients |C7,| for D— D Neutral Meson Mixing
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Figure 13.37: Wilson coefficients Cy and Cj for neutral kaon mixing D—D and their
limits shown as dashed red and pink lines, respectively. We did not expect these
predictions to be so large and will continue to study the effects of not taking the
Cheng Sher approximation but using the full, exact expressions for the pf; matrix
elements.
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BO

Figure 13.38: A new diagram that arises due to flavor-violating Yukawa couplings.
There are analogous diagrams for K% and D° mesons.

13.2.6 B], — ptp~

Another process which arises at tree-level in the flavor-non-conserving 4-
texture model is Bg}d — pt . Because this channel is prohibited at tree-level in
the SM and now present at tree-level, we may obtain limits on pps and ppg from
applying experimental limits to our analysis. Computing predictions this channel is

left for future work.
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Figure 13.39: Feynman diagram for the process b — s+ £/~ mediated by a neutral
Higgs boson with flavor non-conserving couplings to quarks.

13.2.7 b— s+ L4~

The couplings ggq would allow this process to occur at tree-level in this
model. In the 2HDM, loop diagrams with charged Higgs boson mediators also arise,
but the tree level diagram shown in Fig. dominates. The tree-level process is a
b quark decaying into an s quark and a light A, and the h subsequently decays into a
lepton pair. The decay of a b quark to muons b — s+ p*u~ is of particular concern
because of measurements in this channel. However, they are expected to have little
impact on the viable parameter space, and computing predictions in this channel is

left for future work.
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Chapter 14

Conclusions

Experiments have seen signals in some of these channels (such as h—7p),
but new measurements are always changing the landscape. If we do see more hints of
flavor-violating processes appear at the LHC, they could likely be explained within
the four-texture Yukawa coupling matrix model.

Our results suggest that if one sees an excess in one or more of the flavor-
violating Higgs decays h — Eliﬁg, then it can be described by the four-texture
model. This is possible because we demonstrated that we can produce branching
ratios up to or larger than the current experimental bounds on these processes. Of
course, this also means our model’s parameters, pr,, pre, and pye in particular, can
be bounded by these measurements. We can always tune our parameters to remain
consistent with current experimental bounds, but it would be more interesting if we
see a sizable excess in a flavor-violating process and describe it within the context
of the four-texture model.

The same goes for the processes of a lepton changing flavor and emitting a
photon ¢; — ¢5y. We can produce branching ratios above the current limits, so our

model parameter space is bounded by these non-observations, but if a signal does
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Figure 14.1: Map of relationships between new physics observables, constraints,
and their relating coupling parameters, from Ref. . The quantities in circles are
free parameters, those in red hexagons provide strong constraints, and the black
rectangles are observables that have had, do have, or may have signals of BSM
physics.

arise, we will be able to explain it with the four-texture model. Upper limits can
be placed on pﬂ, p%, and pﬂ from measurements in these channels. The process
p— e+ gamma is of particular interest because the pf, element in our model could
be substantially larger than in the Cheng Sher ansatz.

The story is different for the three lepton final state processes ¢ — 3¢. In
all of these channels, our model cannot produce branching ratios as large as the
experimental bounds. This implies that all regions of our model’s parameter space
predicts that these bounds will continue to get tighter as we collect more collider
data, and no real significant excesses are expected to be seen.

The four-texture model can generate sizable ¢ — h + ¢ larger than the
experimental limit, so we could explain an excess in this channel if it arises, and we
get an upper bound on py..

In the neutral meson mixing considerations, kaon mixing measurements are

the most restrictive on our model. The D meson results are also, but we continue to
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study this process since the p% elements in our model could be substantially larger
than in the Cheng Sher ansatz. By and B, mixing measurements are beginning to
probe our model’s parameter space.

There are many directions for future work on this project. The manuscript
to be submitted for publication is in progress with some of the following consid-
erations. We will incorporate the other heavier scalars in the lower energy regime
of the model by reducing their masses from 800 GeV to something in the range
[125,700] GeV so that they can play a role in the coupling dynamics of the model.
We also can reinstate the phases on the parameters in the Yukawa coupling matri-
ces and remove the Hermiticity condition on the coupling matrices to study models
with CP-violation. We could also introduce CP-violation through the scalar vevs
and scalar potential parameters if we desired to do so. Other combinations of signs
of the parameters n, = A /m, may affect the results, so we will investigate this

possibility.
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Appendix A

Appendices

The loop functions G%, C¢, and D¢ used in Eq. (3.19) and Eq. (3.21) in
the b — s + 7 constraint calculation are presented in Ref. [49] and reproduced here

for convenience:
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