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Abstract

Renormalization Group Constraints on the Two-Higgs Doublet Model
by
Edward R. Santos 111

We examine the constraints on the two Higgs doublet model (2HDM) due to the
stability of the scalar potential and absence of Landau poles at energy scales below
the Planck scale. We employ the most general 2HDM that incorporates an approx-
imately Standard Model (SM) Higgs boson with a flavor-aligned Yukawa sector
to eliminate potential tree-level Higgs-mediated flavor-changing neutral currents.
Using basis independent techniques, we exhibit regimes of the 2HDM parameter
space with a 125 GeV SM-like Higgs boson that is stable and perturbative up to
the Planck scale. Implications for the heavy scalar spectrum are exhibited.

The most general 2HDM contains an extended Yukawa sector that includes
new sources of flavor changing neutral currents (FCNCs), which must be sup-
pressed due to experimental bounds. The flavor-alignment ansatz asserts a pro-
portionality between the Yukawa matrices that couple the up-type (down-type)
fermions to the two respective Higgs doublet fields of the 2HDM, thereby elimi-
nating FCNCs at tree-level. If flavor-alignment is imposed at a high energy scale,
such as the Planck scale, tree-level FCNCs can be generated at the electroweak

scale via renormalization group running. We determine the size of FCNCs that

1X



can be generated at the electroweak scale via Planck scale flavor-alignment, and
use experimental bounds on flavor-changing observables to place constraints on

the flavor-aligned 2HDM parameter space.
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Chapter 1

Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012
(Refs. [5, 6]) has proven to be a major success for particle physics, providing a
confirmation of the long sought-after mechanism for electroweak symmetry break-
ing (EWSB). With the existence of the Higgs boson now confirmed, the attention
has now turned to deciphering the Higgs properties, in order to determine and
whether it is the SM Higgs boson or the lightest Higgs boson of a larger set.
Whereas the standard model (SM) has been very successful in explaining much
of particle physics to a high degree of accuracy, there exists many motivations
for physics Beyond the Standard Model (BSM), including dark matter, dark en-
ergy, sufficient CP-violation required for baryogenesis, the question of naturalness,

among others. Most recently, SM Renormalization Group (RG) calculations (Refs.



(2, 7]) have shown that the SM is most likely not consistent at all energy scales up
to the Planck scale, due to the existence of a deeper minimum of the scalar poten-
tial at large field values. To avoid the corresponding instability of the electroweak
vacuum would require new physics entering at an intermediate energy scale.
Although the prospect of existence of new BSM physics is exciting, there is
no guarantee that the scale of the new physics is close to the electroweak scale.
Nevertheless, arguments motivated by naturalness of the electroweak symmetry
breaking (EWSB) mechanism suggest that BSM physics should be present at or
near the TeV scale (see e.g., Refs. [8, 9] for a review and a guide to the literature).
Many models of new physics have been proposed to address the origin of ESWB,
and many of these approaches possess extended Higgs sectors. However, in such
models one must specify the BSM physics in order to study the behavior of running
couplings between the electroweak scale and some very high energy scale A. At
present, there is no direct experimental evidence that the origin of the EWSB
scale is a consequence of naturalness. Adding additional Higgs multiplets at or
near the TeV scale by themselves does not address the origin of EWSB. Indeed,
one could argue that it makes matters worse by adding additional fine-tuning
constraints. Nevertheless, in this paper we shall accept the fine-tunings required
to sustain an extended Higgs sector near the TeV scale. After all, we know that

multiple generations exists in the fermionic sector of the Standard Model. Thus,



we should be prepared for the possibility that the scalar sector of the theory is
also non-minimal.

Here, we shall focus on the two-Higgs doublet model (2HDM), which was
initially proposed by Lee in 1973 [10] (for a review, see e.g. Ref. [11]). It provides
a richer Higgs particle spectrum, namely three neutral scalars and a charged pair.
The 2HDM admits the possibility of CP-violation in the scalar potential, both
explicit or spontaneous. In the limit of CP-conservation, two of the neutral scalars
are CP-even, typically denoted by h and H, (where m;, < my) while the other
neutral scalar is CP-odd, denoted by A. We shall consider a very general version
of the 2HDM that is not inconsistent with present data. Such a model must
possess a SM-like Higgs boson (within the accuracy of the present Higgs data).
In addition, Higgs-mediated tree-level flavor changing neutral currents (FCNCs)
must be either absent or highly suppressed. These conditions are achieved if the
non-minimal Higgs states of the model have masses above about 350 GeV and if
the Yukawa couplings are aligned in such a way that the neutral Higgs couplings
are diagonal in the mass-basis for the neutral Higgs bosons. The most general
2HDM parameter space allowed by the present data is somewhat larger than the
one specified here. Nevertheless, the restricted parameter space outlined above
is still quite general and incorporates the more constrained 2HDMs considered in

the literature.



Chapter 1 of this thesis begins with a review of the SM Higgs mechanism,
recapping the scalar potential and mechanism in which masses are generated for
gauge bosons and fermions. We then review constraints on the SM scalar potential
by imposing perturbativity, meta-stability, and stability. After a brief mention of
several BSM models, we recap constraints from precision electroweak data and
FCNCs, the latter in the context of the minimal flavor violation (MFV) framework.

Chapter 2 reviews the most general 2HDM, one of the simplest extensions to
the SM Higgs sector, positing the existence of a second heavier Higgs doublet, in
addition to that of the SM. The most general 2HDM provides a richer spectrum
of Higgs bosons and introduces additional sources of CP-violation, however, in its
most general form it allows FCNCs that are severely constrained experimentally.
We recap the most general 2HDM with the flavor-alignment ansatz, in which
the two sets of Yukawa matrices are proportional and thus simultaneously bi-
diagonalizable. We present the 2HDM in the basis-independent formalism (as
first presented in Ref. [12]), making no CP assumptions that would result in
constraints on the scalar potential and Higgs-fermion interactions. Conditions
for tree-level stability of the CP-violating 2HDM are also presented in the basis-
independent formalism.

Chapter 3 is based on work presented in Ref. [3], where we show that if

the recently discovered 125 GeV Higgs boson is lightest scalar, then the 2HDM



could potentially survive up to the Planck scale under renormalization group (RG)
evolution. For regions of the parameter space that survive stability and pertur-
bativity requirements up to Planck scale, we provide bounds on the squared mass
differences between two of the heavier Higgs bosons. In particular, we find that
the heavy Higgs bosons are roughly degenerate with small deviations resulting
from the presence of constrained quartic couplings of the 2HDM scalar potential.
We also present a rough estimate of the leading two-loop effects by taking into
account the two-loop contributions to the SM RG evolution.

Chapter 4 is based on work presented in Ref. [4], where we study the ef-
fects of imposing Planck scale flavor-alignment between the two sets of Yukawa
matrices in the most general 2HDM Yukawa sector. The implications for FCNC
processes from both Higgs mediated tree-level and one-loop radiative effects are
examined. We use current experimental results to constrain the parameter space
of the alignment parameters.

In Chapter 5, we conclude by summarizing the implications of Chapters 3 and
4 for the 2HDM. Appendix A contains the derivations of the one-loop renormal-
ization group equations RGEs for the 2HDM scalar potential parameters and the

Yukawa couplings.



1.1 Standard Model

The ATLAS and CMS experiments have recently reported (Refs. [5, 6]) the
discovery a SM-like Higgs boson at a mass of about 125 GeV. The LHC by itself
cannot claim discovery of the SM Higgs boson, only discovery of a SM-like Higgs
boson. The SM has proven to be very robust, with the Higgs boson being that of
the SM or very close to it. Precision Higgs data from future colliders are needed to
determine the exact nature of the observed Higgs boson. In this section we review
the SM Higgs mechanism as a means of EWSB and review the implications the
observed Higgs mass has on the scalar potential during RG evolution, Finally, we

briefly review the experimental constraints on non-minimal Higgs sectors.

1.1.1 Higgs mechanism

The Standard Model of particle physics, which obeys an SU(3).xSU(2),xU(1)y
gauge symmetry, does not allow explicit mass terms for gauge bosons or fermions.
For gauge bosons, mass terms violate local gauge invariance, thereby requiring a
mechanism to break the SU(2), xU(1)y electroweak symmetry. The left and right
handed fermions transform as doublets and singlets, respectively, under SU(2),
and thus it is not possible to construct an SU(2), invariant mass term for fermions.
The Higgs mechanism provides a means for EWSB by introducing a hypercharge-

one (Y = 1), complex scalar SU(2);, doublet with four real fields,



¢ +id]
G2 + 103

with a tree-level scalar potential of the form,

Vir = —m?61 + 2 (616)" (1.2
We require the minimum of the potential, defined to be the vacuum expectation
value (vev) v, be non-zero to induce spontaneous symmetry breaking, thereby
requiring m? > 0. For the potential to be bounded from below at tree-level, we
must also have A > 0. By minimizing the scalar potential (eq. 1.2) with respect
to ¢, we find the the vev is v = \/m2/\ = (v/2Gr)~'/? = 246 GeV. By expanding

¢ around the vev,

G+
o= , (1.3)

\/Li(v + h +1iG?)

and inserting this expansion into the scalar potential (eq. 1.2), we generate a mass
term —\v2h? for the scalar field h, now identified as the field of the physical Higgs
boson. The fields G and GF are identified as the massless Goldstone bosons.
Thus, the shape of the scalar potential is controlled by two parameters: the mass
of the Higgs boson (or equivalently, the Higgs self-coupling), and the vacuum

expectation value, both of which have now been determined experimentally.



The W+ and Z bosons, being massless before EWSB, each have two degrees of
freedom for a total of six. The scalar doublet (eq. 1.1) has four degrees of freedom,
one of which becomes the physical Higgs boson, the rest of which are identified
as massless Goldstone bosons. Through the Higgs mechanism, the Goldstone
bosons become the longitudinal modes of the W* and Z gauge boson, which
now each have three degrees of freedom and therefore effectively acquire masses.
This occurs via the scalar kinetic terms in the Lagrangian, where the covariant
derivative terms of the scalar field are given by D, ¢ = (0, +igWi7° +i%Yg’ B,)¢.
Expanding ¢ around the vev (eq. 1.3) and inserting into the scalar kinetic term
yields

Lxr = |D,o|* = % [ (W)? + (W) + (9 B — gW}2)?]. (1.4)

w

Identifying the vector boson mass eigenstates of definite electric charge,

1
+ 1 2
Wi = _2(Wu FiWy), (1.5)
— 1 3 !
Z, = o (gW,, — 9'B,), (1.6)
_ 1 3,
A, = e (GW; +9'B,). (1.7)

Inserting these fields into eq. 1.4, we obtain the mass terms for the physical gauge

bosons,



2
1/1 1
Lrp = (%) WIwhe 4 3 (5\/92 + g/%) Z, 7" + §(O)AMA“. (1.8)

In summary, the Higgs mechanism, via the inclusion of a complex hypercharge
one scalar SU(2) doublet ¢ with a non-zero vev, along with a scalar potential of

the form eq. 1.2, generates a new massive particle, the Higgs boson, and gives

mass to the W* and Z bosons, while recovering the massless photon:

mp, = Vv, (1.9)

1
mw = 59v, (1.10)
1
my = 5\/g2+g’2v:mw/cosﬁw, (1.11)
ma =0, (1.12)

where tan 6y, = ¢'/g, is the weak mixing angle.

1.1.2 Yukawa Lagrangian

The Higgs mechanism also provides a means to generate mass terms for chi-
ral fermions. Naively, we would write a chiral fermion mass term as m;ff =
m¢(frfr + frfr), but since left and right-handed fermions are SU(2) doublets

and singlets, respectively, such a mass term is not SU(2) invariant. We can,



however, couple the left-handed fermions to the scalar field to generate a SU(2)

invariant term,

—,Cy = yfFL . ¢fR + h.C., (113)

where y is an arbitrary coupling constant, and F7, is a left-handed SU(2) fermion

doublet, which generates a mass term after the scalar field acquires a vev,

V2

Thus, fermions couple to the Higgs boson with a magnitude proportional to their

—Ly = —=y! fufr + h.c. (1.14)

masses, m; = y'v/ V2. The strength of these couplings are determined once the
fermion mass has been measured.

In generalizing to three generations, we shall focus only on the quark sector
(the extension to leptons is fairly straightforward). With three generations, the
Yukawa couplings, y¢, now become two 3x3 matrices in flavor space, ch, where

@ = U, D. The Yukawa Lagrangian is now written as

Ly = Q%YL + Q0 - oYU DY + hec., (1.15)

where ¢ = imy¢* and Q is the left-handed SU(2) quark doublet,

10



Q. = : (1.16)

L
To find the quark-mass eigenstates, we apply the following unitary transformations

to diagonalize the Yukawa matrices

PU=V/PU°, (1.17)
P.D=VPP,D° (1.18)
PrU = V¥ PrU°, (1.19)
PrD = VY PpD°, (1.20)

where Pg = 1(1 4 7;), and the Cabibbo-Kobayashi-Maskawa (CKM) matrix is
defined to be K = VY V’!. Redefining U = KU, and Q = (%) we can rewrite

L’

eq. 1.15 as

—Ly = Q- oYyl + Qr - $Y)Dg + h.c., (1.21)
where Yy and Yp are the Yukawa matrices in the quark-mass eigenstate, which

are diagonalized by the rotation

Yy = VYYIVIT, (1.22)

Yp = VPYSVPT (1.23)

11



The quarks mass matrices are then identified in terms of the diagonalized Yukawa

matrices and vev as

V2

v
EYE) = diag(mg, ms, mp). (1.25)

My = Yy = diag(m,, me, my), (1.24)

Mp =

1.1.3 Scalar potential constraints

In this thesis, we analyze the scalar potential of the 2HDM with a SM-like
Higgs of mass 125 GeV to test validity of the theory up to the Planck scale given
the appropriate stability and perturbativity requirements. In the 2HDM, these
constraints can be much more complicated given the increased parameter space.
Thus, we review the concepts of stability, meta-stability, and perturbativity for
the scalar potential in the SM, to build intuition for how these phenomena are
exhibited in the 2HDM. Recent two-loop calculations (Refs. [1, 2]) suggest that
a 125 GeV Higgs boson leads to a scenario in which the scalar potential is in the
metastable regime.

Stability of the scalar potential requires that the potential is bounded from
below at all energy scales during RG evolution. Here we follow the effective poten-
tial approach reviewed in Ref. [13], taking into account quantum loop corrections

to the tree-level potential. For the SM Higgs, the effective potential is given by

12



Vers (@) = V(o) + iV (9), (1.26)

where V(© is the tree-level scalar potential (eq. 1.2) and V() accounts for the

one-loop quantum corrections

1 11 H 3\ 3 G 3
(1):_ 22 A 4 _H2 In— — = <2 In — — =
v m°¢+2°¢+16w2[4 (nAg 2)+ G(“

3 ./ W 5\ 3 ./ Z 5 (T 3
(s —2) 4222 (s —2) 32— — 2 ) |1
+2W (HA(Q) 6)—1—4 (nAg 6) 3 (IDA% 2)},(1 27)

with

H = —m + \¢?/2, (1.28)
G = —mj + M9 /6, (1.29)
W = g2¢* /4, (1.30)
Z = (95 +95)¢" /4, (1.31)
T = g3¢°/2. (1.32)

For large ¢, the one-loop potential can be written as

V(l)(¢) = ¢4 {)\0 + [B)\(A()ag())g(l)) - 4)\070\0,90796)} In (ﬂ)

Ho

+O(X3, 9, 962)] : (1.33)

13



which is just the expansion of the quartic term in the RG improved potential,

Ve = A6 + O, (1), 9 (1)), (1.34)

where

£(t) = e Jo 1AW )9 @ ar (1.35)

7 is the anomalous dimension, ¢ = In(u/pu), and g is the renormalization scale.
Within the approximation of eq. 1.34 we see that the stability of V' (¢) is equivalent
to requiring A(A) > 0 for all A. If at some scale before A = Mpp, A\(A) < 0, then
the scalar potential is either completely unstable, or there exists a deeper potential
minimum at ¢ > A. The latter case would correspond to a metastable vacuum,
which is described in more detail later in this section. In the former case, to avoid
the scalar potential becoming unstable, new physics is required before the scale
of the instability. To illustrate this phenomena, we analyze the one-loop RGE for

the Higgs self coupling A,

d\ 3
1677~ = 12X* + 129X — 124/ — 3(g” +3¢°)A + (9" + 299" + 3¢"). (1.36)

The RHS of eq. 1.36 is dominated by three terms: 12A%, 12y2), and —12y¢. The
effect of the first two is to increase the value of A during RG evolution, driving

the coupling constant to the non-perturbative regime, and the last to decrease
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A, driving the potential to become unstable. To reach the Planck scale, these
three terms must balance each other out appropriately, leading to a range of Higgs
masses that satisfy this condition, which at one-loop is 140 GeV < my, < 175 GeV,
where the lower and upper bounds are from requiring stability and perturbativity,
respectively.

The perturbativity requirement is sometimes confused as being an upper bound
on Higgs masses. Instead, it indicates the energy scale at which the theory becomes
non-perturbative, at which point the one-loop RGEs cease to be reliable, and the
inclusion of higher-order or non-perturbative corrections to the one-loop RGEs is
necessary. In the SM, this occurs when the Higgs self coupling (mass) is large, so
that the one-loop beta function for A (eq. 1.36) is dominated by the A\? term, so
to crude approximation, we get

16#2% ~ 1202 (1.37)

This allows for an analytic solution for A(A),

1
727%2 S In(A/v)

T T 1.2
n 47

AA) ~ (1.38)

Taking the limit A(A) — oo (known as a Landau Pole), implies that the denomi-

nator of eq. 1.38 goes to zero. Solving for A, we get
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8W2U2

A <e®miva10% GeV. (1.39)

Eq. 1.39 provides the largest scale at which the theory becomes non-perturbative,
such that higher-order loop corrections or non-perturbative methods must be used,
and/or new physics introduced, given a Higgs mass. The inclusion of higher
order and non-perturbative calculations provides a very similar result. Of course,
perturbativity would have long ceased before Higgs self coupling reached a Landau
pole, and so conversely, the perturbativity requirement provides an upper bound
for Higgs masses that can reach the Planck scale. Including all of the terms in
the eq. 1.36, and taking a softer perturbativity requirement A(Mpy) < 1, yields
an upper bound of m;, < 175 GeV.

Eq. 1.39 informs us that the SM is well within the perturbative regime. FEx-
tended Higgs sectors (with the lightest scalar corresponding to a SM-like Higgs),
however, contain additional quartic couplings in the scalar potential that can lead
to perturbativity issues at an energy scale well below the Planck scale. It is
beneficial to use the SM as an illustration of phenomena, as the concept can be
extended to understand perturbativity contraints in BSM models with extended
Higgs sectors.

In the metastable scenario, i.e. requiring that the lifetime of the metastable

electroweak vacuum is less than the age of the universe, one finds a lower bound
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on my, that is not as strict as that from stability, as reviewed in Ref. [14]. Current
values of the Higgs mass and the top quark mass indicate that the SM Higgs
vacuum is not the true vacuum, and here we recap the meta-stability require-
ments as reviewed in Ref. [1], who provide the vacuum-decay probability for the

electroweak vacuum to have decayed during the past history of the universe as

A% S(AB)
0o = 0.15=B ¢=5(Ap),
Hy

(1.40)
where Hj is the present Hubble constant, and S(Ap) is the action of the bounce
of size R = A,

872

S(A8) = 3R] (1.41)

Fig. 1.1a (taken from Ref. [1]) shows gy as a function of the top quark mass,
where we see that the probability for our current vacuum to decay to the true
vacuum is incredibly small. In the regime that the universe is matter dominated

in the future, the lifetime of the electroweak vacuum, gy is given by

55\ VieSm/a Ty,
= | = ~ 1.42
TEW (37T> AB p(1]/47 ( )

where Ty = 0.96 Hy, having defined the ‘radius’ of the present day universe to be
cTy. If the future of the universe is dominated by the cosmological constant, i.e.

dark energy, the lifetime of the electroweak vacuum is
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3H3eSAB)  0.02Ty
TEW = ~ )
EW 47TA% po

(1.43)

where H = Hy\/Q,. The lifetime of the electroweak vacuum for both the matter
and cosmological constant dominated cases are both particularly large, and are
shown in Fig. 1.1b (taken from Ref. [1]) as a function of the top quark mass. Such
large values for Ty indicate that the current SM electroweak vacuum lifetime is

much greater than the current lifetime of our universe, and thus is metastable.
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Figure 1.1: Left panel: The probability that electroweak vacuum decay happened
in our past light-cone, taking into account the expansion of the universe. Right
panel: The life-time of the electroweak vacuum, with two difference assumptions
for future cosmology: universes dominated by the cosmological constant (ACDM)

or by dark matter (CDM). Figures taken from Ref. [1].

Ref. [1] also shows that the SM scalar potential is stable up to the Planck
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scale for a Higgs mass satisfying

as(myz) —0.1184
0.0007

myp, > 129.6 GeV+2.0(m;—173.34 GeV)—0.5 GeV< >i0.3 GeV,

(1.44)
where m; is the top quark pole mass and ag(m;) is the strong coupling constant
at the electroweak scale. Taking into account the theoretical uncertainty with

the uncertainty in the top quark mass and the strong coupling constant, the

requirement for the scalar potential to be stable is

mp > (129.6 + 1.5) GeV, (1.45)

and my, < 126 GeV being valid up to the Planck scale is excluded at 2.80 (99.8%

C.L. one sided). Similarly, the instability scale Ay is found to be

AV mp, my as(mz) —0.1184
logo Y- — 9.540.7( 2 19515 ) —1.0( 2 —173.34 ) +0.3 .
%B10Gey — 0T (Ge\/ > (GeV > N ( 0.0007

(1.46)

Thus, the most current results suggest that if the SM is the only source of
physics up to the Planck scale, the Higgs self coupling will become negative at
Ay = 10°° GeV, up to the uncertainties in the Higgs and top quark masses, as
well as the strong coupling constant, as seen in Fig. 1.2 (taken from Ref. [2]).

In this scenario, it appears that our current vacuum is metastable, though the
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probability of tunneling to the true vacuum state is incredibly small, as shown in
Fig. 1.1a (taken from Ref. [1]). The current situation is recapped in Fig. 1.3
(taken from Ref. [2]), and will need further precision measurements for the top

quark and Higgs masses to clarify the picture.
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Figure 1.2: The instability scale A; at which the SM potential becomes negative
as a function of the Higgs mass (left) and of the top mass (right). The theoretical

error is not shown and corresponds to a =1 GeV uncertainty in my,. Figures taken

from Ref. [2].

The existence of additional scalar degrees of freedom in an extended Higgs
sector provides an opportunity to cure the vacuum metastability problem of the
SM Higgs boson. However, by demanding no Landau poles and requiring a stable
scalar potential at all energy scales up to the Planck scale, one imposes strong

constraints on the parameter space of the extended Higgs sector. Investigations
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Figure 1.3: Left panel: Regions of absolute stability, meta-stability and instability
of the SM vacuum in the m; — my; plane. Right panel: Zoom in the region
of the preferred experimental range of m; and m, (the gray areas denote the
allowed region at 1, 2, and 30). The three boundary lines correspond to ag(myz) =
0.1184 +0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale A in GeV assuming

as(myz) = 0.1184. Figures taken from Ref. [2].
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of this type have been performed in extended Higgs sectors that add additional
singlet scalar fields [15, 16, 17, 18, 19] and in various constrained 2HDMs. Ex-
amples of the latter [20, 21, 22, 23, 24] invoke a Z, discrete symmetry to simplify
the 2HDM scalar potential. In Ref. [25] this latter assumption was relaxed (while
imposing CP conservation) and the Higgs-fermion Yukawa couplings, apart from

the Higgs couplings to the top quark, were neglected.

1.2 Beyond the Standard Model

Despite the successes of the Standard Model, there exist many motivations for
BSM physics. For one, the SM cannot account for dark matter or dark energy.
There is also insufficient sources of CP-violation in the SM to adequately explain
the electro baryogenesis. The hierarchy problem asks why weak scale is so much
smaller than the Planck scale? The bare mass parameter of the Higgs boson
is subject to radiative corrections that are quadratically sensitive to the scale
of new physics, which naively should correspond to Mpy. The Planck scale,
however would correspond to fine-tuning at 1 part in 1034, suggesting that SM
by itself suffers when considering the notion of naturalness. Theories such as
supersymmetry and those postulating extra dimensions have been invented to
solve the hierarchy problem, though no evidence of such theories has yet been

observed. It could be possible that our universe is part of a multiverse, and the
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parameters of our universe are randomly determined.

Borrowing motivation from the fact that fermions come in three generations
for no obvious reason, we have to be prepared for the possibility that the scalar
sector exhibits similar multiplicity. While an extended Higgs sector need not
necessarily solve any of the aforementioned issues of the SM, it is possible that an
extended Higgs sector (such as the 2HDM) is a low-energy effective theory for a

more complete theory at higher energies.

1.2.1 Constraints on non-minimal Higgs sectors

In BSM models with non-minimal Higgs sectors, there exist two key con-
straints that must be satisfied. The first is due to the experimental fact that
p = m¥,/m%cos® Oy, is approximately one. The custodial symmetry SU(2)y
responsible for the tree-level relationship between the W and Z masses, is the
diagonal vector subgroup of SU(2);,xSU(2)g, which in the SM is an accidental
symmetry of the scalar potential (eq. 1.2). The p parameter would be exactly
unity if this symmetry were exact, but the U(1)y hypercharge gauge interactions
and the Higgs-fermion Yukawa couplings break the custodial symmetry, leading
to finite one-loop radiative corrections to the p parameter. It should be noted that
the SM with any number of singlets and doublets would also exhibit a custodial

symmetry, hence providing p &~ 1 at tree-level. In general,
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2y AT(T + 1) = Y| Vry Pery
dory 22 Vry|? ’

where Vry = (¢(T,Y)) is the vevs of the neutral fields, 7" and Y describe the

(1.47)

SU(2),, isospin and hypercharge of the Higgs representation, respectively, and
cry = 1,er9 =1/2 for T,Y in the complex and real representations, respectively
(Ref. [26]).

In the modified minimal subtraction MS scheme (denoted by the caret), we

can define the p parameter, assuming the validity of the SM, as

P=—5 7 (1.48)
where ¢, = cos HAW(mZ), and is less sensitive than cos 6y to m; and most types
of new physics. We can define the py parameter to describe new sources of SU(2)
breaking that cannot be accounted for by the top quark or the SM Higgs,

2

po = — W — 1.00040 % 0.00024, (1.49)
myCz p

which is 1.70 above the SM expected value of py = 1, after simultaneously fitting
Po, mp, My, and o, to the data.

The dominant radiative corrections due to new physics appears through vacuum-
polarization amplitudes. These correction are described by the oblique “Peskin-

Takeuchi” parameters S, T, and U, introduced in Refs. [27, 28], though here we
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follow the more recent description of the oblique parameters described in Ref.

[29], in which they receive contributions only from new physics and not loop con-

tributions from m; or my:

S =—

45,2 6,* [H%(mé) — 1155 (0)
a(mz)

my
&z’ — 57 I (my) IS (m3)
Cz57 m2 m2 ’
T 1 {Hﬁ%’v(o) _ H%‘?(O)}

a(mz) | miy my

= —C 5

a(mz) myy,

G my) Hgf;v(m?z)]

5= 257 [H%(m%v) — % (0)

sz m% m?

and have been experimentally determined:

S = —0.03 4 0.10,
T =0.01+0.12,

U = 0.05=+0.10,

Fixing U = 0 (as is the case in many BSM models),
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(1.50)

(1.51)

(1.52)

(1.53)

(1.54)
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(1.56)



S =0.00 + 0.08, (1.57)
T = 0.05 4 0.07, (1.58)

(1.59)

both cases of which are in good agreement with the SM.

The second key constraint stems from the possibility of FCNCs introduced
by additional sources of Higgs-fermion couplings. FCNCs are absent in the SM
at tree-level, but are generated through quantum loop corrections. These correc-
tions, however, are highly suppressed by the Glashow-Iliopoulous-Maiani (GIM)
mechanism (Ref. [30]). Experimentally, FCNC processes are highly constrained,
and any BSM model must have a mechanism in place to control FCNC processes.

In the most general 2HDM, for example, the Yukawa Lagrangian includes two
sets of Yukawa matrices that cannot be simultaneously diagonalized. One set of
diagonalized Yukawa matrices can be associated with the quark mass matrices, but
the other set of Yukawa matrices are arbitrary, complex 3 x 3 matrices that provide
source of FCNCs at tree-level, requiring a mechanism to constrain the FCNCs to
be a phenomenologically viable model. Perhaps the most popular approach in
the literature, natural flavor conservation (NFC), was introduced by Glashow,
Weinberg, and Pascos (Refs. [31, 32]), in which discrete symmetries between the

two scalar doublets could be implemented so that FCNCs are eliminated at tree-
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level by requiring at most, one scalar multiplet is responsible for providing masses
for quarks or leptons. The cost of implementing NFC, however, is that the scalar
potential becomes explicitly CP-conserving. In this thesis, we invoke the more
general flavor-alignment ansatz proposed in Ref. [33], which we review in section
2.3.

Another popular approach to constrain FCNCs in extended Higgs sectors is to
invoke minimal flavor violation (MFV), introduced in Ref. [34] as a framework
for BSM models to extend the SM with small flavor-changing perturbations that
obey experimental constraints. MFV essentially requires that all flavor and CP-
violating interactions are linked to the known structure of Yukawa couplings. The
MFV hypothesis can be consistently defined independently of the structure of
the new-physics model. In the context of MFV| it is possible to relate various
FCNC processes, as MFV implies that all flavor-changing effective operators are

proportional to the same non-diagonal structure.
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Chapter 2

Two-Higgs Doublet Model

The Two-Higgs Doublet Model (2HDM) is amongst the simplest of extensions
to the SM Higgs sector, and postulates the existence of a second heavier scalar
doublet. This results in a richer Higgs spectrum consisting of three neutral Higgs
bosons, one of which resembles the SM Higgs, and two charged Higgs bosons.
Many BSM models, including supersymmetric models, incorporate a 2HDM for
their Higgs sector, though a 2HDM makes sense by itself. In fact, a general 2HDM
has many benefits such as the possibility of CP-violation in the scalar and Yukawa
sectors, that are not present in models such as supersymmetry.

One of the distinguishing features of the most general 2HDM is the fact that
the two scalar doublet, hypercharge-one fields are indistinguishable. One is always

free to define new linear combinations of the scalar doublets that preserves the
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form of the kinetic energy terms of the Lagrangian. A specific choice for the scalar
fields is called a basis, and any physical prediction of the theory must be basis
independent. In this thesis, we employ a basis-independent formalism introduced
in Ref. [12]. We consider the most general 2HDM scalar potential (which is
potentially CP-violating) and the most general Yukawa sector, which introduces
three additional independent 3 x 3 matrix Yukawa couplings. Without additional
assumptions, the latter yields Higgs-mediated tree-level FCNCs, in conflict with
observed data. In order to circumvent this, we impose an “alignment ansatz”,
introduced in Ref. [33], which postulates that the independent Yukawa coupling
matrices are proportional to the corresponding quark and charged lepton mass
matrices. In this case one finds that, in the mass basis for the quarks and leptons,
the matrix Yukawa couplings are flavor diagonal, and the Higgs-mediated tree-level
FCNCs are absent. One way to achieve flavor-alignment in the Yukawa sector is to
introduce a set of discrete symmetries which constrain the Higgs scalar potential
and Yukawa couplings. The so-called Type-I and II 2HDMs [35], and the related
Type X and Type Y 2HDMs [36, 37] provide examples of this type. Indeed,
Ref. [38] showed that the flavor-alignment is preserved under RGE running if and
only if such discrete symmetries are present. The flavor-alignment ansatz is more

general, but requires fine-tuning in the absence of an underlying symmetry.
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2.1 Basis-Independent Formalism

In a generic basis, the most general renormalizable SU(3)oxSU(2),xU(1)y

gauge-invariant 2HDM scalar potential is given by

V =md (D]®1) + m2, (®5ds) — [m?, 1P, + hic.]
FIA(@1D)) 4 Ly (B5D,)° + A3 (D] @)) (D]0,) + Ay (0D, (D))

F{I (0]®2)7 + [N (B101) + A (B1D,)] (@] @) + hoc. ), (2.1)

where @1, 5 are two hypercharge-one complex scalar doublets. The two doublets
separately acquire vacuum expectation values (vevs) (®9) = v;/v/2 and (®)) =
vy/+/2 with the constraint v? = |v1|? + |vg|? =~ (246 GeV)2. The parameters ;534
and m?,, m3, are real whereas A5 7 and m?, are potentially complex. The 2HDM
is CP-conserving if there exists a basis in which all of the parameters and the
vacuum expectation values are simultaneously real.

We shall adopt a basis-independent formalism as developed in Ref. [12], which
provides basis-independent 2HDM potential parameters that are invariant under
a global U(2) transformation of the two scalar doublet fields, ®, — U;®, (a,
b=1,2).

It is convenient to define the so-called Higgs basis of scalar doublet fields,

- —
g H; _ P + 03P 7, — H, _ 0P+ 0Py (2.2)
1 — . = v ’ 2 — . = v ) :
Hj H,
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so that (HY) = v/v/2 and (HY) = 0. The Higgs basis is uniquely defined up to
a rephasing of the H, field, H, — ¢XH,. In the Higgs basis, the scalar potential

takes the familiar form,*
V = Yi(H{H\) + Yo (HSHy) + [YaH{Hy + hoc] + 320 (HIH)? + 12, (H Hy)®
+Z3(H{ Hy) (HyHo) + Zy(H{Hy) (HyHy) + {325 (H{H2)" + [Z5(H{H))
+Z;(H Ho)| (HH,) + hee.}, (2.3)

where Y1,Y5, and Z; 534 are real parameters and uniquely defined, whereas Y
and Zs g transform under a rephasing of Ha, viz., [Y3, Zs, Z7] — e X[Y3, 24, Z7]

and Zs — e 2XZ;. Minimizing the scalar potential then yields
V) =121, Ys=—1Zg* (2.4)

The scalar potential is CP-violating if no choice of y can be found in which all

Higgs basis scalar potential parameters are simultaneously real.

! As discussed in Appendix A, the squared-mass and coupling coefficients, Y1, Ys, and Z; 2.5 4
can be expressed as U(2)-invariant combinations of the scalar potential coefficients and the vevs,
whereas Y3 and Z5 7 are U(2)-pseudoinvariant combinations of the scalar potential coefficients
and the vevs that are rephased under a U(2) transformation [12].
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2.1.1 Higgs mass eigenstates

The tree-level mass eigenstates of the neutral scalars can be obtained by diag-

onalizing the neutral scalar squared-mass matrix in the Higgs basis [39, 40],

Z Re(Zs) —Im(Zs)
M =0*| Re(Zs) L[Zs+ Zi+ Re(Zs)] + Ya/v? —11m(Zs)
—Im(ZG) —%Im(Z5) %[Zz; -+ Z4 — Re(Z5)] + YVQ/’U2

(2.5)

The diagonalizing matrix is a real orthogonal 3 x 3 matrix that is parameterized

by three mixing angles 69,613, and 63 (details can be found in Ref. [40]). In
terms of U(2)-invariant combinations of the mixing angles and scalar potential
parameters, the squared-masses of the three neutral Higgs bosons, denoted by hq,

hy and hg respectively, are given by [40],
mi = |que|? Yo + 02{61131Z1 + %\%2’2 [Zg + Zy — Re(Zse_QiQQS)]
+Re(qua)Re(qraZse~292) + qulRe(quZﬁe_w%)}, for k =1,2,3,(2.6)

where the q; are invariant combinations of the mixing angles shown in Table
2.1. It is convenient to choose a convention where m; < my < ms (which can
always be arranged by an appropriate choice of neutral Higgs mixing angles). The

squared-mass of the charged scalars is given by
mye = Yo + 2 Z30% (2.7)
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Table 2.1: qx; as a function of the neutral Higgs mixing angles in the Higgs basis.

k qk1 qk2

1 cos 615 cos 013 —sin @9 — 7 cos 65 sin ;3
2 sin 619 cos 03 cos 619 — i sin 015 sin O3
3 sin 013 1 COS 813

2.1.2 Decoupling limit

The decoupling limit corresponds to taking the squared-mass parameter of the
Higgs basis field Hs large while holding the Higgs quartic coupling parameters
fixed. The advantage of invoking the decoupling limit is to create an effective
one-doublet model (i.e. a SM-like Higgs boson) and a set of heavier Higgs bosons
roughly degenerate in mass. In the perturbative regime, we take |Z;| < O(1) and

Y, > v% In this case [40, 41],

2
sin 912 ~ sin 913 ~ O (U_> . (28)
Ys
In addition, the decoupling limit requires that
) U2
Im(Zse 2%23) ~ O <—) : (2.9)
Ys
which implies that
Re(Zse 2%2) = —| 7] . (2.10)

33



The overall sign in eq. (2.10) [which is not determined by eq. (2.9)] is fixed in the

convention where my < mg. Using the above results in eq. (2.6) yields

2
m? = Zv? [1 +0 (”7)1 , (2.11)
2
2
2
m; =Y + 20° l23+Z4+]Z5|+(’)<U?)] : (2.13)
2

At energy scales below Y3, the effective low-energy theory corresponds to the

Standard Model with one Higgs doublet. Consequently, in the decoupling limit the

properties of hy; approach those of the SM Higgs boson. The non-minimal Higgs
2

states are roughly degenerate in mass, m3 ~ mj ~ m3,. ~ Ys, with squared-mass

splittings of O(v?),

mi —ms ~ | Zs|v?, (2.14)

ms —mys ~= 2(Zy+ | Zs|)v”. (2.15)

In the decoupling limit of a general 2HDM, the tree-level CP-violating and
flavor-changing neutral Higgs couplings of the SM-like Higgs state h; are sup-
pressed by factors of O(v?/Y}). The corresponding interactions of the heavy
neutral Higgs bosons (hy and h3) and the charged Higgs bosons (H*) can exhibit
both CP-violating and flavor non-diagonal couplings. If Y, is sufficiently large,
then FCNCs mediated by the lightest neutral scalar can be small enough to be

consistent with experimental data. However, for values of Y5 of order 1 TeV and
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below, tree-level Higgs-mediated FCNCs are problematical in the case of a generic

Yukawa sector.

2.2 Bounded from below conditions for a general

2HDM potential

To ensure the existence of a stable electroweak vacuum, the 2HDM scalar
potential must be bounded from below, i.e. it must assume positive values for
any direction for which the fields are tending to infinity. If it ceases to be bound
from below, then new sources of physics must arise at an intermediate energy
scale to save the theory. This requirement places some restrictions on the allowed
values of the quartic Higgs couplings. For the case of the scalar potential given in
eq. (2.1) with A\g = A7 = 0, those necessary and sufficient conditions are given in
egs. (3.1)—(3.4).

We now review the analogous conditions for the most general renormalizable
2HDM potential, found in Refs. [42, 43]. Tt is particularly convenient to introduce
a new notation for the scalar potential, based on gauge invariant field bilinears.
Indeed in many 2HDM studies, such as the comparison of the value of the potential
in different vacua, the classification of scalar symmetries and stability conditions,

the bilinear formalism provides a significant simplification in the calculations. This
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formalism also reveals a hidden Minkowski structure in the potential, which was
established in Refs. [42, 43]. A similar Minkowskian notation has been employed
in Refs. [44, 45, 46, 47, 48].

There are four independent gauge-invariant field bilinears, which are defined
by

ro = 0 + dId,,

rno= — (cb{cb? + q>gq>1) — 2Re <<I>I<I>2) ,
(2.16)

o= i(ele; - ofe) = —2mm (ofa,),
ry = —(olo - ofe,).

These four quantities form the components of a covariant four-vector, r, =
(ro, ) with respect to SO(3,1) transformations. We also define r* = ¢g"'r, =
(ro, —7) where ¢g" is the usual Minkowski metric. It is straightforward to verify
that 7o > 0 and r#r, > 0, the latter being a consequence of the Schwarz inequal-
ity. That is, the four-vector r, lives on or inside the forward lightcone LC*. The
vacuum that preserves SU(2)xU(1) electroweak symmetry [i.e., (P1) = (P3) = 0]
corresponds to the apex of LC™; all neutral vacua correspond to the surface of
LC™, and any charge breaking vacua would lie on the interior of LC'*. Trans-
formations of the scalar fields that preserve the scalar field kinetic energy terms
leave ry invariant and correspond to SO(3) rotations of the three-vectors, 7.

In terms of the bilinears defined in eq. (2.16), the scalar potential can be
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written as

V= —M," + 3r*A, (2.17)

with the 4-vector M, and the mixed tensor A,” given by

M, = <—%(Y1 +Y:), ReYs —ImYs —3(Y1— Yz)) (2.18)
and
%(Zl + ZQ) —+ 25 7Re (Z() —+ Z7) Im (Z() —+ Z7) 7%(21 — ZQ)
1 Re (ZG + Z7) —Z4 — Re Z5 Im Z5 —Re (Z@ — Z7)
AMV - 5
—Im (ZG + Z7) Im Z5 —Z4 + Re Z5 Im (ZG - Z7)
%(Zl - ZQ) —Re (Zg - Z7) Im (ZG - Z7) —%(Zl + ZQ) + Zs

(2.19)

To ensure that the scalar potential is bounded from below one needs to evaluate
the eigenvalues and eigenvectors of the matrix A,”. Then one can determine condi-
tions on the eigenvalues and eigenvectors such that 7#A,"r, > 0. The eigenvalues
Ay (@ =0,1,2,3) of the matrix A will be determined by the usual characteristic
equation,

det(A,” — Ay g,”) = 0. (2.20)

since g,” = 4, is just the 4x4 identity matrix. The corresponding eigenvectors cor-
responding to eigenvalue A, will be denoted by V(. For the most general 2HDM
potential, the eigenvalues are the solutions of a quartic equation, which can in
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principle be determined analytically (although the corresponding expressions are
not particularly transparent). However, it is straightforward to numerically eval-
uate the eigenvalues and corresponding eigenvectors. Note that in general, some

of the eigenvalues may be complex (since the real matrix A,” is not symmetric

unless Zg = Z; = 0 and Z; = Z5).

v

.~y we make use of

Having evaluated the eigenvalues and eigenvectors of A
Proposition 10 of Ref. [42] to conclude that the 2HDM potential is bounded from

below if and only if the following conditions are met:
1. All the eigenvalues A, are real.
2. Ap > 0.

3. Ao > {A1, Ag, Ag}. There may or may not be degeneracies among the

three eigenvalues A; (1 = 1,2, 3).

4. There exist four linearly independent eigenvectors V(® corresponding to the

four eigenvalues A,, for a = 0,1, 2, 3.

5. The eigenvector V(© = (vgg, v10, Va9, v30), corresponding to the eigenvalue

Ag, is real and time-like. That is, it can be normalized so that

‘V(O)|2 = U(2)0 - U%o - Ugo - U:?o = L

6. The remaining three eigenvectors Vo) = (voi, V17, U2i, v3;) are real and space-
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like, i.e. normalized so that

@2 _ .2 .2 2 9
|V | = Yy Vy; Ui vy = —1L.

To illustrate this technique, we shall reproduce the bounded from below condi-
tions for a potential with a Z, symmetry in the Higgs basis so that Zg = Z7 = 0.
Without loss of generality, we can choose Z5 real by rephasing the Higgs basis

field H,. The matrix A = A,” is then given by

(2 + Zs) + Zs 0 0 —3(Zy — Z,)
1 0 —Zy— s 0 0
A=- ,
2
0 0 —Zy+ Iy 0
(2 — Zy) 0 0 —3(Zy + Zs) + Zs
(2.21)
so that two of its eigenvalues can be immediately read off as Ay = —Z, — Z5 and
Ay = —Z4 + Z5. The remaining two eigenvalues are
Ao = Z3s /21 75. (2.22)
Since the eigenvalues must be real, if follows that
Z1Zy > 0. (2.23)

A is the largest eigenvalue and thus must corresponds to the time-like eigenvector.
Hence, we identify Ay = Z3 + /24145 and A5 = Z3 — \/Z1Z5. Imposing the
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requirement that the scalar potential is bounded from below, it follows that the

eigenvalues obtained above must all be real and obey the following inequalities:

A[) > 0= Zs>—\/Z14 (224)
AQ > {Al, AQ, A3} = Zg + 24— ’25’ > —/ leg, (225)

which are the Higgs basis equivalents of egs. (3.3) and (3.4). The time-like eigen-
vector is V© = (z,0,0,y), where the components = and y are related via the

eigenvector equation by

y - DD NI

2.2
7~ 7, (2.26)

Since the time-like normalization condition implies that 22 — y? = 1, we obtain

2 (Zy — Zy)?

T A7 22y + Zs) (2.27)

T

Thus we see that we must have Z; +Z; > 0, which when combined with eq. (2.23)
yields

Z7 >0 s Zo > 0. (228)

Thus we recover the Higgs basis equivalents of egs. (3.1) and (3.2).

2.3 Yukawa sector and flavor-alignment

The most general 2HDM Yukawa sector, describing Higgs-fermion interactions,

includes six Yukawa matrices (as compared to three in the SM). In a generic basis,
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the Yukawa Lagrangian for the Higgs—quark interactions is given by eq. (A.1).
Following the discussion of Appendix A, we can re-express the Yukawa Lagrangian

in terms of the quark mass-cigenstate fields [49],
—Ly = Uy (ny @ + 5 ®5) — DK (1 @1 + 5 @5 ) U™
+ UK (070 +nyT03) DR + Dy (@) + 0y T®S) DF + h.c., (2.29)

where 77?7 ’2D are 3 X 3 Yukawa coupling matrices and K is the CKM matrix.
Using eq. (2.2), one can rewrite eq. (2.29) in terms of the Higgs basis scalar

doublet fields,
—Ly =UL(kVHY + pV HIOUR = D, K (kY H] + pUHy YUR
+ U K(kPTH 4 pPTHY ) D® + D (sPTH? 4 pPTHI) DT 4 h.c.,(2.30)

where?

@ _ Vi +ving g —vang + ving
v ’ v ’

(2.31)

Note that p@ — e~*p? with respect to the rephasing Hy — X H,. Since (HY) =
v/v/2 and (HY) = 0, it follows that the " are proportional to the diagonal quark

mass matrices, My and Mp, whose matrix elements are real and non-negative,

U/ﬁU UHD

MU = — = djag(mmmc,mt), MD = — = diag(md, mg, mb) . (232)

V2 V2

2As noted in eq. (A.6), the p% are U(2)-pseudoinvariant combinations of the Yukawa coupling
matrices and the vevs, whereas the k9 are U(2)-invariants.
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The Yukawa couplings of the Higgs doublets to the leptons can be similarly treated
by replacing U — N, D — E, My — 0, Mp — Mg and K — 1, where
N = (pte, vy, vr), E = (e, u, 7) and M is the diagonal charged lepton mass matrix.

Since the Yukawa matrices p"?*# are independent complex 3 x 3 matrices, it
follows that the Yukawa Lagrangian exhibited in eq. (2.30) generically exhibits
tree-level Higgs mediated FOCNCs. The off-diagonal elements of the pU"? matrices
are highly constrained by experimental data to be very small. As first shown by
Glashow, Weinberg and Pascos (GWP) [31, 32], it is possible to naturally eliminate
tree-level Higgs mediated FCNCs if for some choice of basis of the scalar fields, at
most one Higgs multiplet is responsible for providing mass for quarks or leptons
of a given electric charge. In the 2HDM, the GWP condition can be imposed in
four different ways by employing the appropriate Z, discrete symmetry [35, 36,

37, 50, 51]:
1. Type-I Yukawa couplings: nt = nP =nl =0,
2. Type-II Yukawa couplings: n¥ = nf =nk = 0.
3. Type-X Yukawa couplings: nt = nP = nl =0,
4. Type-Y Yukawa couplings: nt =n =nF = 0.
For example, it follows from eq. (2.31) that in the Type-1 2HDM,

uDp,L _ U1 UD.L (2.33)



and in the Type-II 2HDM,

v v

v_"% v pL_ _Y2 pr

p=—K, prt = —— K. (2.34)
Uy U1

In light of eq. (2.32), the p!" (F = U, D, L) are diagonal matrices in which case
the neutral Higgs—fermion Yukawa interactions are flavor-diagonal at tree-level.
If only phenomenological considerations are invoked in choosing the Higgs—
fermion Yukawa couplings, then it is possible to consider the more general case
of the flavor-aligned 2HDM introduced in Ref. [33]. In this model applied to the

Higgs basis, one imposes the following conditions

oV =aVkY,  pP =aPkP, and pl = olkF, (2.35)

which generalize the Type-I and II results exhibited in egs. (2.33) and (2.34). In

UD.L - are arbitrary complex constants.?

eq. (2.35), the alignment parameters, «
The flavor-alignment condition shown in eq. (2.35) is not imposed by any symme-
try, and is strictly unnantural (i.e., it can be achieved only by a fine-tuning of the
model parameters). Equivalently, as observed in Ref. [38], the flavor-alignment is

preserved under RGE running only in the case of Type I, II, X and Y Yukawa

couplings, which correspond to the conditions

3In practice, if the magnitude of the alignment constants are too large, then some of the
Higgs-fermion Yukawa couplings will develop Landau poles below the Planck scale. In our
analysis, we will determine the allowed regions of the flavor-aligned 2HDM parameter space
where such Landau poles are absent.
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oV =aoP* = ol (type-1), (2.36)

1 1

OZU = _Q/_D = —E (type—H), (237)
. 1

oV =aP* = 7 (type-X), (2.38)
1 *

oV = 5 = o (type-Y). (2.39)

Nevertheless, one can imagine the possibility of new dynamics above the elec-
troweak scale that could be responsible for an approximately flavor-aligned 2HDM.
Thus, in our analysis we shall employ the more general eq. (2.35), which is suffi-

cient for satisfying the phenomenological FCNC constraints.
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Chapter 3

Renormalization Group Stability

and Perturbativity Analysis

In this chapter, we examine the theoretical consistency of the most general
2HDM between the electroweak scale and the Planck scale, using the one-loop
RGEs of the model to investigate the possible occurrence of Landau poles and
instability of the scalar potential. We focus on the decoupling regime of the 2HDM
where the 125 GeV Higgs boson is SM-like [41, 52], and assume Yukawa alignment
in the flavor sector [33] to avoid Higgs-mediated tree-level FCNCs. Our aim is
to exhibit the allowed regions of the 2HDM parameter space that are free from
both Landau poles and vacuum instability below the Planck scale. In particular,

a 2HDM that satisfies these constraints does not require further BSM physics to
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stabilize the theory.

Let us assume that the observed SM-like Higgs boson (with m;, ~ 125 GeV)
is part of a 2HDM in the decoupling limit with a flavor-aligned Yukawa sector,
with no other new physics present beyond the 2HDM below the Planck scale.! We
shall examine whether there are regions of the 2HDM parameter space that yield
a consistent model under RG running from the electroweak to the Planck scale.
In general, two potential problems can arise in the RG evolution. First, Landau
poles could arise from the divergence of the 2HDM quartic scalar couplings and /or
Yukawa couplings. Second, the 2HDM scalar potential could become unstable at
a higher energy scale. The case of Landau poles is fairly straightforward, although
the precise energy scale at which they arise cannot be strictly determined, since
it lies outside the perturbative regime of the RGEs. In practice, we shall consider
that a Landau pole occurs when the relevant coupling exceeds 100 for some energy
scale A < Mpy,. Indeed, once such a large coupling is reached, it will very quickly
diverge at an energy scale very close to A. In our analysis, we employ the one-loop
RGEs for the quartic scalar couplings of the 2HDM in the Higgs basis given in
Appendix A. These equations are strongly coupled, and thus a divergence in one
quartic scalar coupling will cause a divergence in the rest. The leading effects of

two-loop running will be assessed at the end of this section.

"ncorporating light neutrino masses via the seesaw mechanism [53, 54, 55, 56, 57] with the
mass scale of the right-handed neutrino sector assumed to be of order a typical grand unified
scale has a very minor impact on the considerations in this paper.
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In the SM, the requirement that the scalar potential is stable at all energy
scales below the scale A is easily implemented. It is sufficient to require that the
SM quartic scalar coupling is positive, i.e. Agp(A) > 0 for A > v. Requiring that
the 2HDM scalar potential is stable at all energy scales below the scale A leads to
a more complicated set of conditions. In the 2HDM with an unbroken, or softly
broken, Z, discrete symmetry that sets A\¢ = Ay = 0 in eq. (2.1), the stability

conditions were first obtained in Ref. [58],

A1 >0, (3.1)
A2 >0, (3.2)
A > =V A, (3.3)
A3+ A — [ As| > =V A (3.4)

However, in the case of a completely general scalar potential, the correspond-
ing stability conditions are far more complicated (with no simple analytic form).
Ref. [42] provides an algorithm for deriving the stability conditions for a general
2HDM, with no symmetry or CP assumptions imposed on the 2HDM scalar po-
tential. In terms of the Higgs basis parameters, this algorithm is summarized
in Appendix 2.2. Except for special cases for the quartic scalar couplings, the
corresponding stability conditions must be determined numerically.

We now describe in detail the procedure used in our analysis. We assume that

we are in the decoupling regime of the 2HDM, where the mass scale of the heavy
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Higgs sector is of O(Ag). In light of egs. (2.7), (2.12) and (2.13), we henceforth

set A% =Y.

1. Start with the SM Higgs potential defined at the scale of the 125 GeV Higgs

boson.

2. Use SM RG evolution to run the Higgs-self coupling parameter A and the

fermion mass matrices up to the scale Ag.?

3. Match the one-doublet Higgs potential with the 2HDM potential by taking
Zy = MAp) and & = vV2Mp(Ag)/v (for F = U, D). This establishes
the low energy boundary conditions. The effects of the lepton masses are

negligible and have been ignored.

4. Scan over all other 2HDM quartic scalar coupling parameters Z; and Yukawa

alignment parameters o (F = U, D). The latter fix the values of the

P (Am).

5. Run the 2HDM RGEs for the Z;, k" and p up to higher energies A. Check
for stability of the potential at the scale A using the procedure summarized

in Section 2.2.

2Starting the RG evolution at mz, we use a five flavor scheme to run up to m; and a six
flavor scheme above m;. Running quark mass masses at my and m; are obtained from the
RunDec Mathematica software package [59], based on quark masses provided in Ref. [29]. For
simplicitly, the effects of the lepton masses are ignored, as these contribute very little to the
running of the Z;.
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6. Stop the running if a Landau pole is encountered or if the stability conditions

cannot be satisfied.

For the scalar sector, we scanned over the parameter space using 100,000
points, with |Z;| < O(1), for i = 2,...,7, to enforce the decoupling limit. These
points were also subject to the constraint that they obey the stability conditions
presented in Appendix 2.2. Note that when |Z;| < 1 for i = 2,...,7, we recover
the SM Higgs sector. The choice of Ay is subject to the condition A% > v?, so
that we are safely in the decoupling regime. Moreover, in order for the 2HDM to
be distinguishable from the SM Higgs sector, Ay should not be significantly larger
than O(1 TeV). We considered two different values, Ay = 500 GeV and 1 TeV,
although the allowed parameter regime in which the 2HDM remains consistent
up to the Planck scale is not especially sensitive to the precise value of Ay in the
desired mass range. In the case of Ay = 500 GeV, it is plausible that the heavy
Higgs boson states could be detected in high luminosity LHC running. Indeed, as
we shall demonstrate later in this section, differences in the squared-masses of the
heavy Higgs states can provide an important consistency check of this framework.

The Yukawa couplings play a fundamental role in this analysis. As discussed
in Section 2.3, we have employed the flavor-aligned 2HDM to describe the Yukawa
sector, with random complex alignment parameters whose moduli were varied by

several orders of magnitude. The evolution of the Yukawa couplings in the flavor-
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aligned 2HDM was first performed in Ref. [60]. Notice that the running of the
Yukawa couplings can also generate Landau poles. Due to the large size of the
top quark mass, at least one of the Yukawa couplings will be of order one at
the electroweak scale, so that a Landau pole in the top-quark Yukawa coupling
below the Planck scale can be generated by the RG running. The alignment
parameters, unique for both the up and down quark sectors, were log random
generated in such a way as to prevent such Landau poles in the running of the
Yukawa couplings up to Planck scale. In the RG running, the initial value of the
top Yukawa coupling was taken to be 1 (m,) = 0.94, corresponding to an MS top
quark mass of my(m;) = 163.71 £ 0.9 GeV [29]. The non-occurrence of Landau

poles then leads to the constraints

1Y <0.95 and |aP| <815 (Axy =500 GeV), (3.5)

Y] <097 and |oP| <84 (A =1TeV), (3.6)

as seen in Fig. 3.13. These results are quite consistent with those obtained in
Ref. [60].

The effect of the alignment parameters in the one-loop quartic scalar coupling
RGEs is to bolster the negative Yukawa terms, thereby further driving the quartic

scalar couplings to be negative during RGE evolution. The influence of the Yukawa

3For Ay = 1 TeV, the figure corresponding to Fig. 3.1 looks nearly identical, so we do not
display it here.
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Figure 3.1: Distribution of absolute values of the flavor-alignment parameters,
for regions of 2HDM parameter space which remain valid up to the Planck scale,

assuming Ay = 500 GeV.

couplings in the scalar couplings RG evolution is dominated by ¢ terms (where
Yy is the top quark Yukawa coupling) in the one-loop [-functions, where they
provide a negative contribution. In this manner, the large size of the top quark
Yukawa coupling tends to drive Z; negative at large energy scales, thus provoking
an instability in the potential. This will occur unless the starting point value
(at the electroweak scale) of Z; is large enough. Since Z; is directly related to
the lightest CP-even mass in the decoupling regime, requiring the stability of the
scalar potential between the electroweak scale and the Planck one therefore yields

a lower bound on my. Similarly, if the initial value of Z; at the electroweak scale
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is too large, then a Landau pole will appear in the running of Z; below the Planck
scale due to the fact that the leading Z; contributions to the g-functions of the
quartic scalar couplings are positive, thereby driving the quartic scalar couplings
to larger values as the energy scale increases. Preventing the occurrence of Landau
poles thus establishes an upper bound on Z;, and thus on my,.

Within the SM, these demands can only be satisfied up to the Planck scale by
a rather narrow window of Higgs boson masses, which excludes the observed value
of 125 GeV. As we shall now see, the complexity of the 2HDM scalar potential

“opens up” that narrow window to include the known value of the Higgs mass.

3.1 Numerical Analysis

3.1.1 Results from one-loop RG running

Let us now compare the effect of the one-loop running of the SM scalar cou-
pling, with its effect on the 2HDM quartic scalar couplings. The results of our
calculations are shown in Fig. 3.2, which we now analyze in detail. The full 2HDM
running begins at Ay = 1 TeV, where the Z; for i = 2, ..., 7 are chosen.* The red
points in Fig. 3.2 correspond to choices of parameters Z; for which an instability

of the potential occurred for a given higher scale A > Ay. The blue points cor-

4The corresponding plot for Ay = 500 GeV looks nearly identical, so we do not exhibit it
here.
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Figure 3.2: RG running of 2HDM quartic scalar couplings, with Ay = 1 TeV.

Red points correspond to parameter choices for which an instability occurs in the

scalar potential; blue points indicate the presence of a Landau pole. The upper

solid black line indicates the occurrence of a Landau pole in the SM. The lower

solid black line indicates the limit for which the SM potential becomes unstable.

respond to parameter choices for which a Landau pole occurred during the RG
running at some scale A > Apy. These results are to be compared with the cor-
responding results of the SM Higgs sector also shown in Fig. 3.2: the upper solid
line indicates the maximally allowed value of m;, to avoid a Landau pole and the
lower solid line indicates the minimal value of m;,, needed to avoid a negative SM
quartic scalar coupling, at all energy scales below A. We recover the well-known

one-loop SM result that 140 < my < 175 GeV in order to preserve vacuum sta-
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bility and avoid Landau poles in the running of the quartic scalar coupling at all
energy scales up to Mpy, [13, 61, 62] .

The distribution of red and blue points in Fig. 3.2 has some interesting features.
First, there are no blue points above the SM-Landau pole line. In fact, although
the 2HDM scalar potential has several scalar couplings, their contributions to the
2HDM fS-functions are mostly positive. As such, when one of these couplings starts
to become very large in its RG evolution, the others will not be able to counteract
that growth, and a Landau pole is reached. Consequently, the upper limit for
the quartic scalar coupling Z; that controls the value of m; hardly differs from
the corresponding SM result. Second, note the appearance of many blue points
below the SM-instability line. These correspond to Landau poles that occur for
relatively low values of my, which is equivalent to low values of Z;. However, even
though the initial value of Z; at Ay may be small, the values of other Z; can be
large, and thus Landau poles in these couplings can be generated, yielding those
blue points below the SM instability line.

The most interesting aspect of our results concerns the distribution of the red
points, which correspond to the violation of one or more of the 2HDM stability
conditions at the energy scale A. We see a great “density” of points around
the SM-instability line. These points may be interpreted as regions of 2HDM

parameter space that constitute small deviations from SM behavior. But the
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remarkable difference with the SM result is the appearance of many points below
and to the right of the SM-instability line. For these points, the instability of the
scalar potential occurs at a larger value of A for a given value of m;, as compared
to the SM.

Indeed, the full impact of the 2HDM on the RG evolution may be best appreci-
ated by examining the rightmost boundary of Fig. 3.2 corresponding to A = Mpy..
On this boundary, we find both blue and red points, for a range of Higgs masses
from about 118 GeV up to 175 GeV. Thus we see that a range of 2HDM param-
eters exists for which it is possible to have a SM-like Higgs boson with a mass of
125 GeV, without that mass value implying an instability of the potential (or a
Landau pole) between the electroweak and Planck scales.

Let us now analyze more closely the region of parameter space for which the
2HDM is consistent up to the Planck scale. According to Fig. 3.2, only a narrow
range of my, (which corresponds to a narrow interval of values of Z;) is consistent
with a 2HDM with a stable vacuum and no Landau poles from the electroweak
to the Planck scale. Since the 2HDM quartic couplings are all coupled together
in their RG running, it follows that the allowed ranges for all Z;, not only 7,
will likewise be quite narrow. This has interesting implications on the scalar mass
spectrum. In fact, in light of eq. 2.14, the squared-mass splitting of the two heavy

neutral Higgs states depends primarily on |Z5|. Likewise, eq. 2.15 shows that the
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Figure 3.3: Histograms of squared-mass differences of the heavy scalar states for
Ay = 500 GeV. The left panel shows values of squared-mass difference between
the two heavier neutral states. The middle and right panels shows the values of the
squared-mass difference between the lighter and heavier of the two heavy neutral
states and the charged Higgs boson, respectively. The histograms correspond to
2HDM parameters for which there are no Landau poles and vacuum stability is

satisfied at all energies below the Planck scale.

squared-mass splitting of the heavier neutral Higgs boson and the charged Higgs
boson primarily depends on Z, and |Zs|. Since the possible values of Z; and
|Z5| are restricted to a narrow range of values, it follows that the squared-mass
splittings of the heavy Higgs states should also be strongly constrained.

For a 125 GeV SM-like Higgs boson, we have evaluated the squared-mass
splittings of the heavier Higgs bosons for 2HDM parameters that are consistent
with a stable scalar potential and an absence of Landau poles up to the Planck

scale. The histograms shown in Figs. 3.3 and 3.4 exhibit the distribution of
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Figure 3.4: Histograms of squared-mass differences of the heavy scalar states for
Ay =1 TeV. The left panel shows values of squared-mass difference between the
two heavier neutral states. The middle and right panels shows the values of the
squared-mass difference between the lighter and heavier of the two heavy neutral
states and the charged Higgs boson, respectively. The histograms correspond to
2HDM parameters for which there are no Landau poles and vacuum stability is

satisfied at all energies below the Planck scale.

squared-mass differences between the two heavy neutral states (these differences
are positive by definition) and between the lighter of the two heavy neutral states
and the charged Higgs pair, for Ay = 500 GeV and 1 TeV, respectively. Given the
formulae in section 2.1.2, all the heavier scalars have masses of order Ay in the
decoupling limit. The statistics of these histograms are summarized in Tables 3.1
and 3.2.

If the 2HDM is valid up to the Planck scale, then the mass differences among

the heavy Higgs states must be quite small. This presents a challenge for heavy
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min | max | mean | std. dev.

(m2—m2)/v* || 001 [0.26] 0.09 | 0.05

(m2 —m2.)/v? | =020 | 0.11 | 0 0.05

(m% —m2%.)/v? || —0.07 | 0.19 | 0.09 | 0.04

Table 3.1: Squared mass splittings of the heavier Higgs bosons of the 2HDM with
Ay =500 GeV, for 124 < my, < 126 GeV, for points that survive up to the Planck

scale, using one-loop calculations.

Higgs searches at future colliders. It may be that such a spectrum could only
be reliably determined at a multi-TeV lepton collider. Indeed, if the heavy Higgs
spectrum could be determined at some future collider, it would provide a nontrivial
check of the present framework in which the 2HDM is valid up to the Planck scale.

The results shown in Table 3.1 are not particularly sensitive to the value of
Ag. For example, if Ay = 1 TeV, then the distribution of possible squared-
mass differences yields the results shown in Table 3.2. Of course, in this case
the corresponding mass differences are even smaller, and the separate discovery

of each of these new scalar states at a future collider is even more challenging.
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min | max | mean | std. dev.

(m2 — m2) /v 0 |029| 009 | 005

(m2 —m2.)/v? | =023 012 | 0 0.06

(m% —m2%.)/v? || —0.08 | 0.19 | 0.09 | 0.04

Table 3.2: Squared mass splittings of the heavier Higgs bosons of the 2HDM with
Ay =1 TeV, for 124 < my, < 126 GeV, for points that survive up to the Planck

scale, using one-loop calculations.

3.1.2 The effects of two-loops RG running

In the SM, the inclusion of the two-loop terms in the RGEs will shift the
scalar potential instability boundary to a higher energy scale, which lowers the
minimum Higgs boson mass that is consistent with a stable scalar potential all the
way up to the Planck scale. In particular, the results in Ref. [2] yield a minimal
value of my ~ 129 GeV for vacuum stability. It is further argued that given
the currently observed value of 125 GeV for the Higgs boson, the SM vacuum is
metastable under the assumption of no new physics beyond the Standard Model
below about 10'° GeV. This means that the effect of including the two-loop effects
in the running lowers the minimal acceptable value of the Higgs mass from ~ 140
GeV to ~ 129 GeV.

We expect that employing the full two-loop RG analysis for the 2HDM would
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provide a similar downward shift in the lower bound of Higgs masses that survive
up to the Planck scale, as well as increase the fraction of points that survive. In
practice, implementing this full two-loop procedure is very delicate and computa-
tionally expensive. Instead, we present a procedure to estimate the two-loop RG
results. Note that the stability curve for the SM scalar potential at two-loops is
both shifted to a higher energy scale, and is less steep as a function of the Higgs
mass, relative to the one-loop SM scalar potential stability curve. In essence, go-
ing from one-loop to two-loops shifts the stability curve energy scale to a higher
scale for a particular Higgs mass. From our one-loop SM calculations and the
two-loop SM calculations of Ref. [2], we determine the energy scale shift of the
SM scalar potential stability curves due to the inclusion of two-loop RG running.
Taking Ay = 1 TeV, the resulting scale shift function is shown in the left panel of
Fig. 3.5, which then yields our “two-loop” result shown in the right panel, which
is obtained by applying the scale shift to our one-loop calculation. This shift is
applied only to those points in which the scalar potential became unstable, not
for points that hit a Landau pole before the Planck scale. The upper bound on
the SM Higgs mass due to the absence of Landau poles does not exhibit a similar
shift from one-loop to two-loop calculations. As in the case of Fig. 3.2, the case
of Ay =500 GeV yields nearly identical results.

In our one-loop calculations, only 707 (or 0.707%) of the 100,000 points ana-
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Figure 3.5: Left panel: Scale shift for converting the one-loop scalar potential
instability boundary to the two-loop scalar potential instability boundary for a
SM-like Higgs boson. Right panel: Higgs boson mass bounds in the flavor-aligned
2HDM, incorporating the scale shift shown in the left panel, assuming that Ay =
1 TeV. Red points indicate an instability in the running; blue points indicate the

presence of a Landau pole.

lyzed survive to the Planck scale in the 123 GeV to 128 GeV region. With the
conversion shift and a double check that they satisfy the stability requirement for
2HDM quartic scalar coupling parameters, 1,371 more points reach the Planck
scale for a total of 2,078 (or 2.078%) at the Planck scale, an increase of 94%
relative to the one-loop results. With an increase in the number of points, the

“two-loop” squared mass splittings of the heavier Higgs bosons for points that
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min | max | mean | std. dev.

(m3 — m3)/v? 0 0.31 | 0.11 0.05
(m2 —m2.)/v? || —023 | 0.12| 0 0.05

(m2 —m2.)/v* || —0.09 | 0.23 | 0.11 | 0.04

Table 3.3: Squared-mass splittings of the heavy Higgs bosons of the 2HDM with
Ay =1 TeV, for m;, >~ 125 GeV, for points that survive to the Planck scale, using

the two-loop extended procedure.

survive up to the Planck scale are shown in Fig. 3.6 and statistics summarized
in Table 3.3. Comparing Tables 3.2 and 3.3, we see that there exists only slight
differences in the squared-mass splittings of the heavier Higgs bosons when the
approximate two-loop effects are included. Nonetheless, the increase in the num-
ber of points for which the model remains consistent all the way up to the Planck
scale is according to what one should expect, in light of the observation that the
two-loop contributions increase the stability of the SM potential. Thus, this quick
estimate suggests that the 2HDM parameter space for which RG running of the
quartic scalar couplings up to the Planck scale leaves the potential stable, and
for which no Landau poles occur during that running, is larger than the one-loop

calculation may lead to believe.
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Figure 3.6: Histograms of squared-mass differences of the heavy scalar states for
Ag =1 TeV, using the two-loop extended procedure. The left panel shows values
of squared-mass difference between the two heavier neutral states. The middle
and right panels shows the values of the squared-mass difference between the
lighter and heavier of the two heavy neutral states and the charged Higgs boson,
respectively. The histograms correspond to 2HDM parameters for which there are
no Landau poles and vacuum stability is satisfied at all energies below the Planck

scale.
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Chapter 4

Flavor Violation via Planck Scale

Flavor-Alignment

The most general 2HDM typically exhibits FCNCs which are incompatible
with experimental data. To avoid large FCNC requires either an artificial fine-
tuning of parameters in the Yukawa sector or the existence of a symmetry that au-
tomatically removes FCNC in the tree-level approximation. The flavor-alignment
ansatz reviewed in Section 2.3 asserts a proportionality between the two sets of
Yukawa matrices making them simultaneously bi-diagonalizable, thereby elimi-
nating FCNCs at tree-level. In addition, the flavor-aligned 2HDM (A2HDM)
preserves the relative hierarchy in the quark mass matrices, and provides addi-

tional sources of CP-violation in the Yukawa Lagrangian via introduction of three
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complex alignment parameters. In special cases, flavor-alignment can be imple-
mented by a symmetry in the low-energy effective theory. Examples of this include
the type I, II, X and Y Yukawa sectors of the 2HDM. For these models, flavor-
alignment is stable with respect to RG running [38]. However, the generic form
of flavor-alignment requires a fine tuning of parameters of the Yukawa sector, and
can only be implemented at a particular momentum scale.

In this chapter, we imagine that new physics beyond the SM enforces flavor-
alignment near the Planck scale. In this case, we can employ RG running to
compute the matrix Yukawa couplings at the electroweak scale. In this set up,
deviations from flavor-alignment will emerge at the electroweak flavor scale, creat-
ing a source for tree-level FCNCs. This is similar work performed in [63], who use
meson mixing and B decays to constrain the CP-conserving flavor-aligned 2HDM
parameter space, via flavor-alignment at the Planck scale. They arrive at their
results first analytically in the leading log approximation, and then numerically by
evolving the one-loop RGEs down from the Planck scale, but miss a key contribu-
tion from off-diagonal sources that are negligible in the leading log approximation,
but not in full numerical calculations. Our work includes these contributions in
the context of the more general CP-violating A2HDM. We consider experimental
constraints on top quark and B decays, and find that B, — p*p~ can be used to

provide constraints on the A2HDM parameter space.
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4.1 Planck scale flavor-alignment

To study the maximal amount of FCNCs that can be generated in the A2HDM
at the electroweak scale, we establish flavor-alignment at the Planck scale, and
run the one-loop RGEs from the Planck scale to the electroweak scale. Thus, we

impose the following boundary conditions for the running of the one-loop 2HDM

Yukawa RGEs (provided in Appendix A):

IiQ(AH) = YQ<AH), (41)

pQ(MpL) = CBQ/QQ<MPL), (42)

where Y? are the SM Yukawa matrices in the quark-mass eigenstate, and Ay is
the scale of the heavier doublet, taken in this chapter to be Ay = 400 GeV, such
that we are sufficiently in the decoupling limit. Satisfying these two boundary
conditions is not trivial, since they are imposed at opposite ends of the RGE
running. For example, to set flavor-alignment at the Planck scale, we must know
the values of k?(Mpy). This involves running up xk?(Ap) to the Planck scale,
but since the one-loop RGEs are strongly coupled to the p@ matrices, we must
supply values for p?(Ay) to being the running. With no a priori knowledge of
which values of p%(Ay) lead to flavor-alignment at the Planck scale, we begin by

asserting flavor-alignment at Ay via a low-scale alignment parameter o/%:
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p?(Ag) = /99 (Ag). (4.3)

In general, this flavor-alignment will be broken during RGE evolution to the
Planck scale, and a procedure is needed to reestablish flavor-alignment at the
Planck scale. To accomplish this, we decompose p@(Mpy) into portions that are

aligned and misaligned with k9(Mpp):

p?(Mpr) = a®k?(MpL) + 6p%, (4.4)

where a? represents the aligned portion (in general, different from o/?), and 6p%
the corresponding degree of misalignment at the Planck scale. To minimize the

misaligned portion of p?(Mp), we implement the cost function

3 3
A= 37 1603P = 3 p8(Mpr) — aG (M) (45)

ij=1 ij=1

which once minimized, provides the optimal value of a® for flavor-alignment at

the Planck scale:

3 Qx Q

Q Zi,j:ﬁz‘j Pij
3 Qx Q°
Zm:l’iij Rij

based on the alignment parameters o’ at Ay. We subsequently reassert flavor-

(4.6)

alignment at the Planck scale using this optimized alignment parameter,
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pQ(MpL) = OéQKZQ(MpL), (47)

and evolve the one-loop RGEs back down to Agy. At Ay, we use eq. 4.1 to match
the boundary conditions for the 2HDM and SM, and then run the SM down
(using the one-loop SM RGEs provided in Ref. [64]) to the electroweak scale to
check the accuracy of the resulting quark masses. If any of the quark masses
differ from their experimental values® by more than 3%, we reestablish the correct
quark masses at the electroweak scale, run back up to Ay, and then rerun this
procedure repeatedly until the two boundary conditions are satisfied. The result
is flavor-alignment between x@(Mpyr) and p?(Mpyr), and a set of p@ matrices at
the electroweak scale that provide a source of FCNCs.

Note that this work is similar to the analysis done by Ref. [63], in which
they implement Planck scale flavor-alignment in a CP-conserving A2HDM, and
constrain the A2HDM parameter space using experimental constraints from BY <
BY mixing and B, — utp~. They perform their analysis first in the leading
logarithm approximation, showing that in this limit, |p2|/|p2i| =~ 0.019, thus the
dominant contribution to FCNCs in B mixing and decays is from AZ,. Next,

they perform their full numerical analysis, relying on the observation, |pZ}| >

IStarting the RG evolution at my, we use a five flavor scheme to run up to m; and a six
flavor scheme above m;. Running quark mass masses at my and m; are obtained from the
RunDec Mathematica software package [59], based on quark masses provided in Ref. [65]. For
simplicitly, the effects of the lepton masses are ignored, as these contribute very little to the
running of the Z;.
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|pP|, independent of scale, obtained from their approximate analytic results, and
subsequently place limits on the flavor-alignment parameter space.

Our implementation is more flexible in a number of ways. First, we choose a
framework allowing for CP-violation in both the scalar potential in the Yukawa
sector, via complex alignment parameters. Second, we observe that in the large
alignment parameter limit, p2(Ag) is non-negligible, and in fact we find via our
numerical running, |p2 (Ag)| > |p5%(Ag)|. This is the result of the off-diagonal
elements in 3,0 being driven by large values of the alighment parameters, making
the leading log approximation unreliable. In the large alignment parameter limit,
the terms that couple to the CKM matrix dominate the off-diagonal elements
of 3,0, favoring for example, the growth of pf) relative to pf}. In the small
parameter limit, however, we indeed recover |p2,(Ag)|/|p%(A) | =~ 0.019, showing

consistency between our calculations.

4.1.1 Leading logarithm approximation

In the small alignment parameter limit, it is possible to obtain approximate
analytic solutions to the one-loop S-functions provided for the Yukawa matrices
in Appendix A. For Y?, the SM down-type Yukawa matrix in the quark mass

eigenstate, the off-diagonal terms in the S-function are generated by the term
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=16 »4Y7 4.8
3
— —§[KTYUYUTKYD],~]~. (4.9)

for i # j, where K is the CKM matrix, t = In(u/m;), and p is the renormalization
energy scale. The off-diagonal elements of fy.n(m;) are very small, and so to very
ij

good approximation, we can approximate YUD (A) to leading log order

By (my
Y2(A) = Y (my) + # log <£> (4.10)

1672 my

Since Y;P(my) = 0 (for i # j), eq. 4.10 simplifies to

YP(A) = Byi?—int)log (A) (4.11)

— —167r2§[KTYU(mt)YUT(mt)KYD(mt)]ijlog (mAt) (4.12)

Note that,

Y P(me)s|l _ (KTYT(me) Y () VorarY™” (m) s (4.13)
YD (me)2s] |[KTY U (me) YU () KY P (my ) 23] '
_ TN Vs Mplal @.14)
| [T M K Mplas|
~ 0.019, (4.15)

independent of the scale A. Furthermore, the boundary condition between k2 (Az)
and YP(Ag) (eq. 4.1) implies that |k”(Ag)ss|/|x” (Ag)a3] = 0.019. In the small
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Figure 4.1: Regions of the A2HDM parameter space where |plj| > |p%] (green
points) and |p¥| < |p%| (blue points), for i > j. The left panel is for i,j = 2,1,

the middle panel is for 7, j = 3,1, and the right panel is for i, j = 3, 2.

alignment parameter limit, this ratio also holds for p”(Ag), and in fact, more

generally, one finds

P9 (Am)ij|
e < (4.16)
P9 (An)jil
for i > j. This is the basis for Ref. [63] ignoring pZ) in lieu of p&}.

In the large alignment parameter, however, the leading log approximation

fails. Indeed, the terms in $3,e that couple to the CKM matrix dominate the RG

running, and drive

19 (Ag)ij]

> 1, (4.17)
|p?(Am)jil

for ¢ > j. Hence, pg with ¢ > j cannot be neglected in the large alignment
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Figure 4.2: Regions of the A2HDM parameter space where [p;7| > |pj;| (green
points) and |p”| < [ph| (blue points), for i > j. The left panel is for i,j = 2,1,

the middle panel is for 7, j = 3,1, and the right panel is for i, j = 3, 2.

parameter limit, particularly in the down sector, as they generate the largest
sources of FCNCs during RG running (though the p?i still contribute appreciably),
and hence will be the most useful in placing constraints on the A2HDM. Fig.
4.1 show the regions of the A2HDM parameter space where |pfj| > [pf}| and

U U . . . . . D
|pi;| < |pjil, for @ > j, and Fig. 4.2 shows these limits for p*.

4.2 Experimental Bounds

For our numerical analysis, we use the procedure described in the previous
section, taking the A2HDM to be in the decoupling limit such that the lightest
Higgs boson resembles that of the SM. The two heavier neutral scalars are denoted

by H and A, corresponding to the CP-even and CP-odd eigenstates, and are
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roughly degenerate in mass my ~ my ~ Ay in the decoupling limit, where Ay
is subject to the condition A% > v? . The decoupling limit also enforces the
condition cos(ff — ) & 0, where « is the CP mixing angle between the two heavy
neutral Higgs bosons, and 3 is given by the ratio of the vevs in a generic basis,
tan § = vy /vy. In the calculations that follow, we take my = m4 = 400 GeV, and
(B —a) = 1/2+ 0.1, to be consistent with the Higgs data. For By — putu~, we

define the coupling pk, = 10y, = 10\/§mu/v.

4.2.1 Flavor-changing top decays

We calculate the tree-level branching ratios for ¢ — ¢h, for ¢ = u,c, arising

from misalignment generated via radiative corrections during RG running, given

in Ref. [66]:

BR(t — uh) = L cos®(8 — a)(|p% + |p% 1)

20?2 (1 —m?/m?) ( Qm%,v)
X———————— | 1 + —=— |1gcD, (4.18)
mi (1 —mg,/mj) mg

BR(t — ch) = § cos®(8 — ) (|p53|* + [p5/%)

20?2 (1 —m3/m?) ( 2m%,v>
X— ———————-| 1+ —= |ngcp, (4.19)
mi (1 —miy/mf) mi )¢

where ngep = 1+ 0.97a, = 1.10 is the NLO QCD correction to the branching
ratio. These expressions are based on the leading order formulae for both ¢ — Wb

and t — gh decay rates, assuming the top quark decay width is dominated by
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the SM value of I'(t — Wb). The results of our calculations for the A2HDM,
presented in Fig. 4.3, give BR(t — ¢h) < 107!, for both ¢ = u,c. The SM
contribution to the branching ratio is of order 10713 — 1071, as calculated in
Refs. [67, 68, 69, 70]. Indirect bounds placed on the branching ratio for t — ch
are given in Refs. [71, 72] to be of order ~ 1073, whereas Ref. [73] uses LHC
results to obtain BR(t — ch) < 2.7%. These experimental constraints are many
orders of magnitude greater than our calculated branching ratios, and thus we find
that these top quark decays cannot provide constraints to the A2HDM parameter
space.

Note that the A2HDM alignment parameter space probed in this analysis
is constrained to be perturbative, that is, that none of the Yukawa couplings
encounter a Landau pole during one-loop RGE running, producing similar bounds
to eq. 3.5 for Ay = 400 GeV. The parameter space of the A2HDM obeying
the Landau pole constraints, and having gone through the iterative boundary
condition matching procedure described in the previous section, can be seen in
either Figs. 4.1 or 4.2. For constraints on the A2HDM parameter space to be
placed using t — gh for (¢ = wu,c), then this would require the off-diagonal
elements p¥; and pf; (and their respective permutations) to be several orders of
magnitude larger than is currently allowed. The size of these terms are bound

by Landau poles, and thus the inability to place constraints using these flavor-

74



15000
M 10000

8000
10000
6000

Frequency
Frequency

4000
5000

2000

ojm OW

1.x1072 15%x10712 2.x107"2 0 5.x1071% 1.x107" 15x107! 2.x 107!
BR(t-uh) BR(t—ch)

0 5.x10713

Figure 4.3: Histogram of branching ratios for ¢ — wh and t — ch, in the left
and right panels, respectively. Although enhancements with respect to the SM
rate are possible, the resulting decay rate is many orders of magnitudes below the

current experimental bound of BR(t — gh) < 1073, for both ¢ = u, c.

changing top decays can be traced back to constraints on the A2HDM parameter

space via Landau poles.

4.2.2 Leptonic B decays

In the down sector, B, — T/~ can be mediated by the neutral Higgs bosons
at tree-level in the most general 2HDM, but not at tree-level in the SM. In the
A2HDM, misalignment and hence tree-level FCNCs can be generated at the elec-
troweak scale via RG running, if flavor-alignment is imposed at a high energy

scale, such as the Planck scale, whereas By, — 777~ should be favored since the
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coupling depends on the lepton masses. However, these 7’s decay to jets and lep-
tons whose invariant mass does not reconstruct the 7, and thus cannot be tagged
in detectors. By — ptpu~ is more easily tagged (Ref. [63]). For our calculations,
we follow the approach of Ref. [74], who show that in the presence of new physics,

we can calculate

BR(Bs — putu™)

~ (1S|* + |PJ?
BR(Bs = ptu~)sum (I5F+1PF)

x (1 L i Re(52)> ( ! > (4.20)

|52+ P2 L4y

where BR(B; — put ™ )sa is the SM prediction for the branching ratio extracted
from an untagged rate, y; = (8.8 & 1.4)% has to be taken into account when

comparing experimental and theoretical results, and

mp (CS — C{g) 4mi
S . 1-—= 4.21
2m, CM my (421)

mp, (Cp —Cp)  (Cio — CYy)

P= 4.22
om, 5 5 (4.22)
The C; are the Wilson coefficients corresponding to the operators

00 = ™ (5P 1)) (00), (4.23)

’I?’LBS

n_ " 7.5

’I’I’LBS

Of) = (57 Paityp)(L"470), (4.25)
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Figure 4.4: Tree level neutral Higgs boson mediated By — p™p~ in the 2HDM.

which based on the tree-level diagram given in Fig. 4.4, we calculate for the

2HDM as

Cp= WbP:ﬂ Pzzm_%a (4.26)
Cp= n;i p%*pézm%, (4.27)
Cs = —%pfz*pézmi% (4.28)
Cs = %P%P%mi%{a (4.29)

The authors of Ref. [74] provide BR(B, — putp )sar = (3.32 +£0.17) x 1079,
obtained from recent lattice results presented in Refs. [75, 76, 77]. This in good
agreement with BR(Bs — 1710 )exp = (2.4£0.16) x 1072, which they obtain using
a combination of LHC results provided in Refs. [78, 79, 80].

Fig. 4.5 shows the results of our evaluation of eq. 4.20 as a function of the
down-type alignment parameter. The largest deviations of the predicted A2HDM
branching ratio from the SM prediction occur in the limit |[p2| > |pfi|, which

corresponds to the large alignment parameter limit, as seen in Fig. 4.2. In the
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large alignment parameter limit, the terms in 8,0 that couple to the CKM matrix
dominate, and drive the off-diagonal elements of p” to be very large during RG
running, with contributions from p%, dominating those from p2. Since the SM
prediction is in good agreement with experimental results, we can place constraints
on the A2HDM parameter space, by requiring that [p| < [pf|, so that the
branching ratio not differ significantly from that of the SM. This in turn implies
that the A2HDM must be in the small alignment parameter limit. Fig. 4.6
shows regions of the A2HDM parameter space that produce a branching ratio of
B, — ptp within 10%, 10%-20%, and > 20% of the SM calculation, and thus
provides upper bounds on the values of the alignment parameters at the Planck

scale.
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Figure 4.5: A2HDM branching ratio for By — putpu~ relative the the SM, as a
function of |aP|. Left panel: results for |pD| < |pf|, corresponding to the small
alignment parameter limit. Right panel: results for |p| > |pL|, corresponding
to the large alignment parameter limit, implying large branching ratios relative

to the SM are generated only when [pZ)| > [pZ}|.
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Figure 4.6: Constraints on the A2HDM parameter space from B, — p*p~. The
blue points correspond to regions of parameter space that deviate from BR(Bs —
prp)sy by less than 10%. The red points correspond to regions of parameter
space that deviate from BR(Bs — pu* ™) gy between 10% - 20%. The green points
indicate the region of parameter space that deviate from BR(Bs — u™u™)sa by

more than 20%.
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Chapter 5

Conclusions

The discovery of a SM-like Higgs boson with a mass m;, = 125 GeV has focused
attention on the validity of the Standard Model at higher energies. Putting aside
the question of the origin of the electroweak symmetry breaking (e.g., accepting
the fine-tuning of parameters inherent in fixing the electroweak scale), one can
ask whether the Standard Model is consistent all the way up to the Planck scale.
Refined calculations of the radiatively-corrected scalar potential suggest that the
Standard Model vacuum is at best metastable (and long-lived), with a deeper
vacuum located at field values near 10'° GeV, well below the Planck scale.

Adding new degrees of freedom has the potential of ameliorating the problem of
an unstable vacuum. In this thesis we considered the two Higgs doublet extension

of the Standard Model (2HDM) and examined the range of parameters for which
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the 2HDM is stable and perturbative at all energy scales below the Planck scale.
Our aim was to make the minimal number of assumptions regarding the structure
of the 2HDM required by the experimental data. Since the observed Higgs boson
is SM-like (within the accuracy of the limited Higgs data set), we considered the
2HDM with the most general scalar potential in the decoupling regime. The
Yukawa sector was treated using the flavor-alignment ansatz, in which the second
set of Yukawa matrices is proportional to the SM-like set at the electroweak scale to
protect against tree-level Higgs-mediated FCNCs. Although the flavor-alignment
condition is not protected by a low-energy symmetry (except in special cases,
which lead to 2HDMs of Types [, II, X or Y), it provides a more general framework
which at present is consistent with experimental data.

We scanned over the scalar potential parameters and the flavor-alignment pa-
rameters to fix the boundary conditions at the scale of the heavy Higgs states.
We then employed one-loop RGEs to run the 2HDM parameters up to the Planck
scale, and required that no Landau poles are encountered, without generating an
instability in the scalar potential. In contrast to the Standard Model, it is pos-
sible to have a SM-like Higgs boson with a mass of 125 GeV while maintaining
the validity of the 2HDM up to the Planck scale. We also presented a scheme to
estimate the effects of the RG-running at two-loops, by applying a scale shift seen

in going from the one-loop SM scalar potential stability curve to the two-loop SM
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scalar potential stability curve. Such effects increase the number of points in the
2HDM parameter scan that survive Landau pole and stability requirements up to
the Planck scale.

The larger range of allowed values of my, in the 2HDM (as compared with the
SM) is a direct consequence of the fact that the 2HDM scalar potential contains
more quartic scalar couplings than the SM, which increases the stability of the
potential at all scales between the electroweak and the Planck scale. In contrast,
we observed that the theoretical upper bound on mj, in the 2HDM based on
the non-existence of Landau poles up to Planck scale hardly differs from the
corresponding SM behavior. This can be understood as follows. In the SM, the
negative top Yukawa contribution in the quartic scalar coupling S-function drives
that coupling to negative values during RG running, unless its starting point is
sufficiently large. In the 2HDM, even if the initial values of some of the quartic
scalar couplings are small, and even though the top quark contributions to the
[S-functions are still negative, other couplings are allowed to have large values,
which (in some cases) counterbalance any putative instabilities arising due to RG
running. The 2HDM scalar potential is thus comparatively more stable than that
of the SM.

Thus, we have obtained bounds on the square-mass differences of the heavier

Higgs bosons in the parameter regime where the 2HDM remains valid up to the
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Planck scale. If the 2HDM is realized in nature, this could provide an important
check of the consistency of the model.

In addition, we explored the consequences of asserting flavor-alignment at the
Planck scale on electroweak flavor observables. In the flavor-aligned 2HDM, all
sources of FCNCs are eliminated at tree-level if flavor-alignment is imposed at the
electroweak scale. If flavor-alignment is instead imposed at a higher energy scale,
such as the Planck scale, perhaps enforced by new physics beyond the SM, then the
tree-level flavor-alignment will be broken during one-loop RG running down to the
electroweak scale, generating sources of FCNCs. These FCNCs are constrained
by experimental bounds on flavor-changing observables, and subsequent bounds
can be placed on the flavor-aligned 2HDM parameter space by requiring that the
model be consistent with current experimental results.

We required that the alignment parameters at the high scale remain pertur-
bative, that is, they avoid Landau poles during RG running. The effect of this
requirement is that it provides an upper bound on the values of the alignment
parameters at the Planck scale. This in turn provided an upper bound on the size
of FCNCs generated at the electroweak scale. The flavor-changing observables we
considered to constrain the flavor-aligned 2HDM parameter space were ¢t — uh,
t — ch, and By — p" . In the case of the top quark decays, we found that the

branching ratios for both of these decay modes is far below that given by current
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experimental bounds, and thus were not able to place constraints on the flavor-
aligned 2HDM. The inability to place constraints using top decays is related to
the requirement that the alignment parameters remain perturbative during RG
running.

By considering the leptonic decay Bg — pu*p~ corresponding to the flavor
transition b — s, we placed constraints on the parameter space of the flavor-
aligned 2HDM by requiring that the predicted tree-level branching ratio in the
2HDM not deviate significantly from that of the SM. Our bounds on the flavor-
aligned 2HDM parameter space correspond to the small alignment parameter
limit, that is, that the alignment parameters be much smaller than the bounds

provided by requiring the parameters remain perturbative.
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Appendix A

One-Loop Renormalization

Group Equations for 2HDM

The one-loop RGEs for the SM used in this analysis are provided by Ref. [64].
The 2HDM one-loop RGEs in various bases are given in Refs. [38, 42, 81, 82,
83]. The one-loop RGEs found in the literature typically assume a 2HDM scalar
potential with a Zy symmetry, &; — &;, &3 — —P,, to avoid FCNCs and/or
are explicitly CP-conserving. Here, we present one-loop RGEs for the full 2HDM,

using a basis-independent approach and making no CP assumptions.
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A.1 Yukawa Couplings

In a general 2HDM, the Higgs fermion interactions are governed by the fol-

lowing interaction Lagrangian:
~ Ly = QL U + Qy @u(n?*) DY + By ®u(nf ) B +hc., (A1)

summed over a,a = 1,2, where ®, 5 are the Higgs doublets, 56 = i0o®%, QY and
E? are the weak isospin quark and lepton doublets, and U}, D%, EY% are weak
isospin quark and lepton singlets. [The right and left-handed fermion fields are
defined as usual: ¢g = Pr 1, where Pp = %(1 +5).] Here, QY, E9, U, DY
EY, denote the interaction basis states, which are vectors in the quark and lepton
flavor spaces, and n?’o, ng’o,nf’o,nzD’o, nf’o,nf’o are 3 X 3 matrices in quark and

lepton flavor spaces.

The neutral Higgs states acquire vacuum expectation values,

V0
Py = 2 A2
(®2) NG (A.2)
where 0,07 = 1 and v = 246 GeV. It is also convenient to define
Wy = Vs €ap (A.3)

where €19 = —€9; = 1 and €17 = €99 = 0.
It is convenient to define invariant and pseudo-invariant matrix Yukawa cou-
plings [12, 40],
K10 = 0 P =i, (A4)
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where F' = U, D or E. Inverting these equations yields
nE0 = kP9, + o, . (A5)
Note that under the U(2) transformation, ®, — U;P, [cf. eq. (A.41)],
k70 is invariant and p™* — (det U)p™™°. (A.6)
The Higgs fields in the Higgs basis are defined by [40]
H =0, Hy = 050, , (A7)

which can be inverted to yield ®, = Hy0, + How, . One can rewrite eq. (A.1) in

terms of the Higgs basis fields,

—gy = Q_%(ﬁlliU’O + ﬁng’O) U]% + @g (HlliD’OT —+ HlpD’OT) D%

+E) (Hx2% + HpPON) B9 + hec., (A.8)

The next step is to identify the quark and lepton mass-eigenstates. This is
accomplished by replacing H; — (0, v/v/2) and performing unitary transforma-
tions of the left and right-handed up and down quark multiplets such that the
resulting quark and charged lepton mass matrices are diagonal with non-negative

entries. In more detail, we define:

PU=VIP U, PrU=VYPRU’, P,D=VPP.D’ PrD=VEPrD°,

PLE:VLEPLEO, PREIVI?PREO, PLN:VLE‘PLNoy (Ag)
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and the Cabibbo-Kobayashi-Maskawa (CKM) matrix is defined as K = V}V VLD i,
Note that for the neutrino fields, we are free to choose VN = V¥ since neutrinos
are exactly massless in this analysis. (Here we are ignoring the right-handed
neutrino sector, which gives mass to neutrinos via the seesaw mechanism).

In particular, the unitary matrices V/" and V£ (for F = U, D and FE) are

chosen such that

v
My = —VUsPOVUT = diag(m,, , me, my), A.10
= VRV ding( ) (A.10)
Mp = LVLDKD’OTVé)T = diag(ma, ms, my), (A.11)
V2
Mg = LVLE/{E’OTVRET = diag(m., m,, m.). (A.12)

V2

It is convenient to define
KU =VYRUOVYT kP = VP RPOVPT kP = VPREOVET (A13)
Pl = VPPV P = VeV P = ViR pPOVETL (A1)
Eq. (A.6) implies that under the U(2) transformation, ®, — U P,
k% is invariant and p" — (det U)p", (A.15)
for F'=U, D and E. Indeed, x* is invariant since eqs. (A.10)—(A.12) imply that
Mp = —r"", (A.16)

V2

which is a physical observable. The matrices p¥, pP and p¥ are independent

pseudoinvariant complex 3 x 3 matrices. The Higgs-fermion interactions given in
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eq. (A.8) can be rewritten in terms of the quark and lepton mass eigenstates,
— L =U(VH 4 pUHINUR — DL KT (Y HY + pUHy )Ug
+U LK (kPTH] + pPTHNDR 4+ Dy (P TH? + pPTHY) D
+N (¥ THF + pPTH ) Eg + EL(PTHY + pPTH))ER + h.c.(A.17)

We now write down the renormalization group equations (RGEs) for the

Yukawa matrices n%°, nP% and nfC. Defining D = 167?u(d/du), the RGEs

a

are given by [38]:
D" = —(8¢2 + 19° + 139"*)n " + {3Tr [0 (g ™)+ 2 ()]
T 0] }%U O 200 O g
+3(ny )y om0+ S0 ()l (A.18)
D0 = =862 + 39" + 590" + {3Tr[(ngD O+ (0 )]
() ) }?75’0 = 20 g ) ()
+3n20m, () + S0 () (A.19)
D" == (39" + 29%)m " + {3Tr[(?75’°)“75’° + (1) ]
+Te[(n; )] }nf Oy ()
3020 () Iy 0 (A.20)

The RGEs above are true for any basis choice. Thus, they must also be true
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in the Higgs basis in which o = (1,0) and @w = (0,1). In this case, we can
simply choose 1™ = k%0 and i = p™0 to obtain the RGEs for the xF° and
p™Y. Alternatively, we can multiply eqs. (A.19)—(A.20) first by ©F and then by
w¥. Expanding nt, which appears on the right-hand sides of egs. (A.19)—(A.20), in
terms of k' and p' using eq. (A.5), we again obtain the RGEs for the x** and p.
Of course, both methods must yield the same results, since the diagonalization
matrices employed in eqs. (A.10)—(A.12) are defined as those that bring the mass
matrices to their diagonal form at the electroweak scale. No scale dependence is
assumed in the diagonalization matrices, and as such they are not affected by the

operators D.

DpU0 — —(895 4 392 + %g/Q)I{U,O i {3Tr[KU,OHU,OT + /{D,OI{D,OT}
_'_TF[I{E,OKE,OT}}KU,O + {3TF[KU,OPU,0T i I{D,OpD,OT]
TTr [KE,OPE,OT} }pU,O _ 2<KD,OTKD,OKU,O + pD,OT/{D,OpU,O)
FRUD(5U0TU0 4 jU0T U0y | %(HD,OTHD,O 1 P01 pD0) U0

+ %(HUQKU,OT +pU,OpU,OT>/{U,O7 (A.21)
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DpU’O — _(892 4 %gZ 4 %9/2)pU,0 4 {STI' [pU’OKZU’OT 4 pD,OKD,OT}
—|—TI' [pE’OK,E’OT] }F&U’O + {3T1" [pU,OpU,OT 4 pD,OpD,O ’[}
—|—TI‘ [pE,OpE,OT] }pU,O o Q(HD’OTPD’OK,U’O T pD,OTIOD,OpU,O)
U0 (KUOTRUO 4 pU0T U0) | %(HD,OTHD,O 4 pP Ot pD0) ;U0

_|_%</€U,O/€U,OT + pU,OpU,OT>pU,O ’ <A22)

DrPY = —(8g§ + %gz + %9’2)#;1)’0 + {STr [FLD’OTFLD’O + HU’OTRU’O}
_i_Tr[FLE,OTKE,O]}FLD,O i {3Tr[pD,OT,£D,O _i_pU,OTKU,O]
Ty [pE,oTHE,o]}pD,O — Q(KDORUORUOT 4 pD0UD U0
L (KDORDOT - D0 pDOTY DO | %RD,O(KU,OKU,OT + U0 U0ty

+ %K/D’O(I{D’OT/{D’O + pD70TpD7O)7 <A23)

DpD,O _ —(893 i %gz i %9/2)pD,0 i {3Tr [HD,OTpD,O + RU,OTpU,O}
Ty [,{E,OTpE,O]}KD,O 4 {3Tr [pD,OTpD,O + pU,OTpU,O}
T Tr [pE,OTIOE,O] }pD,o o Q(KD,opU,oﬁU,OT + pD,OpU,OpU,OT)

+<,{D,OKD,0T i pD,OpD,OT)pD,O + %pD,O(HU,OHU,OT + pU,OpU,OT)

+1pPO(RPOT D0y pDOT D0y (A.24)
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DrEO — _(%gz + %g/Q)KE,U + {3Tr [KD,OTHD,O + HU,OTKIU,O}
_i_Tr[HE,OTKE,O]}KE,O + {BTr[pD,OTHD,O +pU,OTHU,o]
+Tr [pE,OTKE,O] }pE,O + (KE,OKE,OT + pE,OpE,OT)HE,O

+1RBO(BOTEO 4 pEOT B0y (A.25)

DpE0 — —(%gQ i %9/2)pE,O i {3Tr [KUD,OTpD,O i HU,OTIOU,O}
_i_Tr[HE,OTpE,O]}HE,O_i_ {3Tr[pD,OTpD,O +pU,OTpU,O]
+Tr[pE,0TpE,0]}pE,o + (HERE,OT +pE,0pE,0T)pE,O
_i_%pE,O(FLE,OTKE,O + B0t B0). (A.26)

Using egs. (A.13) and (A.14), we immediately obtain the RGEs for the x and

p*,

DrY = —(893 + %gz + %9'2)%;[] + {3Tr [KUF&UT + liDI{DT] + Tr [RERET] }/{U
+{3Tr [/@UpUT + /iDqu + Tr [/{EpET] }pU - 2K(I£DTI€DKTI€U
—i—,ODTl{DKTpU) RV (RVTRY + VT Y + %K(KDTHD + PPV KRV
+1(KYRYT 4+ pUp" DKY (A.27)
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DU = —(8g2+ 2% + %9/2)pU 4 {3Tr[pUﬁUT _}_pDﬁDT] _i_Tr[pEK/ET] }KU
+{3Tr [,OUpUJr + ,ODpDT} + Tr [pEpET} }pU - 2K(/§DTpDKT/<;U
+pDTpDKTpU) 4V (RUTRY 4 pUteY) 4 %K(HDTHD 4 PPV KU
+1(YRYT+ pUp )Y (A.28)

DrP = —(89? + %g2 + %9'2)/1[) + {3T1" [RDTHD + KUT/{U] + Tr [HETI{E]}HD
+{3Tr [pDT/iD + ,OUTRU} + Tr [pETmE]}pD - Q(RDKT/{U/{UT
+pDKTHUpUT)K+(HD/{DT+prDT)KD+%HDKT(KURU1+pUpUT)K
—i—%fiD(IiDTI{D + pPT by, (A.29)

DpP = — (82 + 2% + %9/2)pD X {3Tr[HDTpD . HUTPU} _i_Tr[K;ETIOE]}HD
+{3Tr[,0DTpD + ,OUTpU] + Tr[pETpE]}pD - Q(HDKTPUFLUT
+pP KT p" DK + (5P KP4 pPpP1)pP 4 5pP K (kY R7T 4 pVp T K
+1pP(kPTRP + pPTp"P), (A.30)

DrF = —(%g2 + 17459'2)11]5 + {3Tr[/£DT/fD + /{UTKU] + Tr [RET/{E} }HE

+{3Tr[pDTKD+pUTHU} _I_Tr[pETKE}}pE_f_ (KERET 1 pEpE TP

+1kP(KPTRE + pPlpP), (A.31)
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Dp” = —(39° + £9%)p" + {3Tr (KPP + kU1 pV] + Te[67 pP] }HE
+{3Tr[pDTpD —i—pUT,OU] _|_Tr[pETpE]}pE+ (KEKET +pEpET)pE

+1pP (kP TR 4 pPTpP). (A.32)

A.2 Scalar Parameters

The 2HDM scalar potential in a generic basis shown in eq. (2.1) can be written

in a more compact form,
V= Yal;(cbizq)b) + %ZaEcci((I):ri(Db)(q);q)d) : <A33)

Hermiticity requires that Y,; = Y,: and Z ;.5 = Z

- 10 addition, the form

of the scalar potential given in eq. (A.33) implies that Z,;.; = Z.5,;- The full

one-loop beta-function for Z ;.7 is given by,

DZpeq = 42 gpefZecase + 2Zafealicase + 2ZafceZ fred T 2ZabefLeefa + 2% ae foLcdef
— (39" +99%) Zapea + 5 (39" — 29"%9° + 9") duidca + (39”°9%) daddes
—ANTx [n¢n2 002" + A(Te (1809 Zopea + Tr (02 02) Zocea
+Tr[0€08) Zopeq + Tr[0318) Z o) - (A.34)

The squared-mass and coupling coefficients of the 2HDM scalar potential in
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the Higgs basis [cf. eq. (2.3)] can be written in the form of invariants or pseu-

doinvariants with respect to the U(2) transformations, ®, — U,;®Py, as shown in

Ref. [12]. The three squared-mass parameters are given by

and seven coupling parameters are given by

- SO _
21 = Zyjpeq Vs Up Uz Ug Ly = Zypeg W

_ e~ _ e
23 = Zgjed Vg 0y Wy Wa 2y = Zgpeq W Vb U Wa

i o~
26 = Zgped Vs Up U5 Wy

Note that under a U(2) transformation, v, — U,;0p, whereas

W, — (det U)"'U

abWh -

(A.35)

(A.36)
(A.37)
(A.38)
(A.39)

(A.40)

(A1)

Consequently, Y1, Ys, Z1 434 are real U(2)-invariants, whereas Y3, Z5¢7 are po-

tentially complex U(2)-pseudoinvariants, which are rephased under a U(2) trans-

formation,

Vs, Zg, Z7] — (det U)'[Ys, Zs, Z;]  and  Zs — (detU) %Zs.

(A.42)

Using the above results in eq. (A.34), the one-loop RGEs for the quartic cou-
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plings in the Higgs basis are:
DZy = 1277 + 4Z3 + AZ3 Zy + 273 + 2| Zs|* + 24| Z6|* — (3¢ + 99°) Z4
+3(g" +2¢%¢° + 3¢") — AN, Tr [HQTHQKZQTHQ} +16(2Tr [K,QT/QQ} A

+Tr [/ﬁQTpQ} Zg+ Tr [pQT/aQ} Zg), (A.43)

DZy = 1275 + AZ3 + AZ3 Zy + 227 + 2| Zs|* + 24| Z7|* — (39” + 997) Z»
+3(g"* + 29”9 + 3¢g") — ANTx[p%ppTp9]
+8(2Tr [p?Tp?) Zy + Tr [k9Tp?) Z7 + Tx [p¥TkC] Z7) (A.44)
DZy = 2(Z1 + Zs) (325 + Zy) + AZ5 + 223 + 2| Zs > + 4| Zs|* + 4| Z:|* + 824 Z3
+8Z5Z7 — (3¢ + 99°) Z3 + 2(9’4 —2¢"¢* + 3¢") — AN, Tr [9TK9p?Tp?]

+4(2Tr [/@Q%Q} Zz + 2Tr [pQTpQ} Zs+Tr [/{QT/)Q} Zg +Tr [pQT/fQ] Zg

+Tr [RQTpQ} Z7+Tr [pQT/-ﬁQ} Zz), (A.45)

DZy =27y + Zy) Zy + 8737, + AZ; + 8| Zs|* + 10| Zg|* + 10| Z;|* + 226 Z3
3
+2Z5Z7 — (397 + 99°) Zs + 5g’2g2 — AN Tr [k9Tp?p?T k%]
+4 (2Tr [KQTFLQ] Zy+ 2T [pQTpQ] Zy+Tr [RQTpQ} Zs+Tr [pQTmQ} Zg

+Tr [k9Tp9) Z; + Tr [p¥TK°) Z7) (A.46)
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DZs = 275(Zy + Zy + 423 + 6Zy) + 1025 + 1022 + 42 Z7 — (397 + 99°) Z5
—4N,Tr [/{QTpQ/{QTpQ} + 8(Tr [/{QT/{Q} Zs +Tr [pQTpQ} Zs +Tr [pQT/{Q] Zg

+Tr[p? k%] Z;) (A.47)

DZg=1221Zg + 6Z3(Zs + Z7) + 424(2Z6 + Z7) + 2Z5(5 2 + Z7)
— (39'2 + 992) Z¢ — 4N, Tr [/{QTKJQ/@QTpQ] + 4(3Tr [/@QT/@Q} Zs
+Tr [,oQTpQ] Zg+ It [pQT/{Q} Z +Tr [,oQTH;Q] Zz +Tr [pQT/{Q} Ly

+Tr [/{QTpQ} Zs), (A.48)

DZr = 122577 + 625(Zs + Zz) + 4Z4(Zs + 2Z7) + 225 (Z5 + 5Z7)
— (39" 4+ 99%) Z7 — AN, Tr [k p?p?Tp?] + 4(3Tr [p?1p?] Z;
+Tr k%7K Z7 4+ Tr[p9k%) Zy + Tr [p91k9] Zs + Tr [p°Tk°] Z4
+Tr[k9p9] Z5) . (A.49)

Finally, we note that the anomalous dimensions, which contribute to the quar-

tic coupling beta-functions, are given by

, 1
(39" +99")0u + = Trindn]. (A.50)

,YG,B = - 47_(_2

3272
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