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ABSTRACT: The most general two-Higgs doublet model (2HDM) includes potentially large
sources of flavor changing neutral currents (FCNCs) that must be suppressed in order to
achieve a phenomenologically viable model. The flavor alignment ansatz postulates that
all Yukawa coupling matrices are diagonal when expressed in the basis of mass-eigenstate
fermion fields, in which case tree-level Higgs-mediated FCNCs are eliminated. In this work,
we explore models with the flavor alignment condition imposed at a very high energy scale,
which results in the generation of Higgs-mediated FCNCs via renormalization group run-
ning from the high energy scale to the electroweak scale. Using the current experimental
bounds on flavor changing observables, constraints are derived on the aligned 2HDM pa-
rameter space. In the favored parameter region, we analyze the implications for Higgs
boson phenomenology.
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1 Introduction

With the discovery of a particle closely resembling the Standard Model (SM) Higgs boson
at the Large Hadron Collider (LHC) [1-3], attention now turns to elucidating the dynamics
of electroweak symmetry breaking. Many critical question still remain unanswered. What
is the origin of the electroweak scale, and what mechanism ensures its stability? In light
of the existence of multiple generations of fermions, are there also multiple copies of the
scalar multiplets, implying the existence of additional Higgs scalars? If yes, how are the
Higgs-fermion Yukawa interactions compatible with the apparent Minimal Flavor Violation
(MFV), which is responsible for suppressed flavor changing neutral currents (FCNCs)?
Motivations for extending the Higgs sector beyond its minimal form have appeared
often in the literature. For example, the minimal supersymmetric extension of the Standard



Model, which is invoked to explain the stability of the electroweak symmetry breaking
scale with respect to very high mass scales (such as the grand unification or Planck scales),
requires a second Higgs doublet [4-7] to avoid anomalies due to the Higgsino partners of the
Higgs bosons. More complicated scalar sectors may also be required for a realistic model of
baryogenesis [8]. Finally, the metastability of the SM Higgs vacuum [9-11] can be rendered
stable up to the Planck scale in models of extended Higgs sectors [12-19]. Even in the
absence of a specific model of new physics beyond the Standard Model, an enlarged scalar
sector can provide a rich phenomenology that can be probed by experimental searches now
underway at the LHC.

One of the simplest extensions of the SM Higgs sector is the two-Higgs doublet model
(2HDM).! In its most general form, the 2HDM is incompatible with experimental data
due to the existence of unsuppressed tree-level Higgs-mediated FCNCs, in contrast to the
SM where tree-level Higgs-mediated FCNCs are absent. To see why this is so, consider
the Higgs-fermion Yukawa interactions expressed in terms of interaction eigenstate fermion
fields. Due to the non-zero vacuum expectation value (vev) of the neutral Higgs field,
fermion mass matrices are generated. Redefining the left and right-handed fermion fields
by separate unitary transformations, the fermion mass matrices are diagonalized. In the
SM, this diagonalization procedure also diagonalizes the neutral Higgs-fermion couplings,
and consequently no tree-level Higgs-mediated FCNCs are present. In contrast, in a generic
2HDM, the diagonalization of the fermion mass matrices implies the diagonalization of
one linear combination of Higgs-fermion Yukawa coupling matrices. As a result, tree-level
Higgs-mediated FCNCs remain in the 2HDM Lagrangian when expressed in terms of mass-
eigenstate fermion fields. If it were possible in the 2HDM to realize flavor-diagonal neutral
Higgs couplings at tree-level (thereby eliminating all tree-level Higgs-mediated FCNCs),
then all FCNC processes arising in the model would be generated at the loop-level, with
magnitudes more easily in agreement with experimental constraints.?

A natural mechanism for eliminating the tree-level Higgs-mediated FCNCs was pro-
posed by Glashow and Weinberg [22] and by Paschos [23] [GWP]. One can implement
the GWP mechanism in the 2HDM by introducing a Zs symmetry to eliminate half of
the Higgs-fermion Yukawa coupling terms. In this case, the fermion mass matrices and
the non-zero Higgs-fermion Yukawa coupling matrices (which are consistent with the Zy
symmetry) are simultaneously diagonalized. Indeed, there are a number of inequivalent
implementations of the GWP mechanism, resulting in the so-called Types I [24, 25], and
I1 [25, 26], and Types X and Y [27, 28] versions of the 2HDM.?

'For a review with a comprehensive list of references, see ref. [20].

2Even in models with flavor-diagonal neutral Higgs couplings, one-loop processes mediated by the charged
Higgs boson can generate significant FCNC effects involving third generation quarks. Such models, in order
to be consistent with experimental data, will produce constraints in the [my+ ,tan 8] plane. The most
stringent constraint of this type, obtained in ref. [21] in the analysis of the Type-II 2HDM prediction for
b — sv, yields my+ > 580 GeV at 95% CL.

3However, if additional degrees of freedom exist at the TeV scale, then the GWP mechanism is in
general not sufficient to protect the theory from FCNCs that are incompatible with the experimental data.
These TeV-scale degrees of freedom, when integrated out, can generate higher-dimensional operators of the
type (cl/AQ)QLYu(f)URH2|H1|2 + - -+, which break the proportionality relation between quark masses and
effective Yukawa interactions with the neutral scalars. As a result, such models generically generate FCNC
processes that are not sufficiently suppressed [29].
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Another strategy for eliminating tree-level Higgs-mediated FCNCs is by fiat. The
flavor alignment ansatz proposed in ref. [30] asserts a proportionality between the two sets
of Yukawa matrices. If this flavor-alignment condition is implemented at the electroweak
scale, then the diagonalization of the fermion mass matrices simultaneously yields flavor-
diagonal neutral Higgs couplings. Moreover, this flavor-aligned 2HDM (henceforth denoted
as the A2HDM) preserves the relative hierarchy in the quark mass matrices, and provides
additional sources of CP-violation in the Yukawa Lagrangian via the introduction of three
complex alignment parameters. Unfortunately, apart from the special cases enumerated
in ref. [31], there are no symmetries within the 2HDM that guarantee the stability of the
flavor alignment ansatz with respect to radiative corrections. As such, flavor alignment
at the electroweak scale must be generically regarded as an unnatural fine-tuning of the
Higgs-fermion Yukawa matrix parameters. Indeed, the Types I, II, X and Y 2HDMs are
the unique special cases of flavor alignment that are radiatively stable after imposing the
observed fermion masses and mixing [32].

In this paper, we consider the possibility that flavor alignment arises from New Physics
beyond the 2HDM. Without a specific ultraviolet completion in mind, we shall assert that
flavor alignment is imposed at some high energy scale, A, perhaps as large as a grand
unification scale or the Planck scale, where new dynamics can emerge (e.g., see ref. [33]
for a viable model). Once we impose the flavor alignment ansatz at the scale A, the
effective field theory below this scale corresponds to a 2HDM with both Higgs doublets
coupling to up type and down type quarks and leptons.* We then employ renormalization
group (RG) evolution to determine the structure of the 2HDM Yukawa couplings at the
electroweak scale. For a generic flavor alignment ansatz at the scale A, flavor alignment in
the Higgs-fermion Yukawa couplings at the electroweak scale is violated, thereby generating
Higgs-mediated FCNCs. However, these FCNCs will be of Minimal Flavor Violation [35]
type and therefore may be small enough to be consistent with experimental constraints,
depending on the choice of the initial alignment parameters at the scale A.

We therefore examine the phenomenology of Higgs-mediated FCNCs that arise from
the assumption of flavor alignment at some high energy scale, A, that, for the purpose
of our analyses, is fixed to be the Planck scale (Mp). We note that similar work was
performed in [36], where meson mixing and B decays were used to constrain the A2HDM
parameter space with flavor alignment at the Planck scale. Numerical results were obtained
analytically in [36], using the leading logarithmic approximation. The results of this paper
are first obtained in the leading log approximation, and then numerically by evolving the
full one-loop renormalization group equations (RGEs) down from the Planck scale to the
electroweak scale. In our work, we discuss the validity of the leading log approximation
and examine additional FCNC processes at high energy (top and Higgs decays) and at low
energy (B meson decays) to place bounds on the A2HDM parameters.

4In practice, one should also append to the 2HDM some mechanism for generating neutrino masses.
An example of incorporating the effects of neutrino masses and mixing in the context of a 2HDM with
flavor changing neutral Higgs couplings can be found in ref. [34]. In this paper, we shall simply put all
neutrino masses to zero for the sake of simplicity. The extension of the results of this paper to models that
incorporate a mechanism for neutrino mass generation will be considered in a future publication.



This paper is organized as follows. In section 2, we review the theoretical framework
of the general 2HDM. It is convenient to make use of the Higgs basis, which is unique
up to a phase degree of freedom. All physical observables must be independent of this
phase. In particular, we examine in detail the structure of the Higgs-fermion Yukawa
couplings and exhibit its flavor structure. In the formalism presented in section 2, we
initially allow for the most general form of the Higgs scalar potential and the Yukawa
coupling matrices. In particular, new sources of CP-violation beyond the SM can arise due
to unremovable complex phases in both the scalar potential parameters and the Yukawa
couplings. For simplicity, we subsequently choose to analyze the case of a CP-conserving
Higgs scalar potential and vacuum, in which case the neutral mass-eigenstates consist of
two CP-even and one CP-odd neutral Higgs bosons. We then introduce the flavor-aligned
2HDM, in which the Yukawa coupling matrices are diagonal in the basis of quark and
lepton mass-eigenstates. However, alignment is not stable under renormalization group
running. Following the framework for flavor discussed above, we impose the alignment
condition at the Planck scale and then evaluate the Yukawa coupling matrices of the Higgs
basis at the electroweak scale as determined by renormalization group running, subject to
the observed quark and lepton masses and the CKM mixing matrix. The renormalization
group running is performed numerically and checked in the leading log approximation,
where simple analytic expressions can be obtained. In this context, a comparison with
general Minimal Flavor Violating 2HDMs is performed.

In section 3, we discuss the implications of high-scale flavor alignment for high energy
processes. We focus on flavor-changing decays of the top quark and on the phenomenology
of the heavy neutral CP-even and CP-odd Higgs bosons. In section 4, we discuss the impli-
cations of high-scale flavor alignment for low energy processes. Here we consider constraints
arising from neutral meson mixing observables and from By — ¢/~ which receive contri-
butions at tree-level from neutral Higgs exchange, and from the charged Higgs mediated
B — 7tv decay. By comparing theoretical predictions to experimental data, one can already
probe certain regions of the A2HDM parameter space. Additional parameter regions will be
probed by future searches for heavy Higgs bosons and measurements of B-physics observ-
ables. Conclusions of this work are presented in section 5. Finally, in appendix A we review
the derivation of the Yukawa sector of our model in the fermion mass-eigenstate basis, and
in appendix B we exhibit the one-loop matrix Yukawa coupling RGEs used in this analysis.

2 The flavor-aligned 2HDM

2.1 Theoretical framework for the 2HDM

Consider a generic 2HDM consisting of two complex, hypercharge-one scalar doublets, &
and ®3. The most general renormalizable scalar potential that is invariant under local
SU(2)xU(1) gauge transformations can be written as

1 1
V= m%léJ{CI)l—i-m%Q(I);(I)g—[m%Z@J{@g—l-h.c.]—Fi/\l((I)J{<I>1)2+§)\2(<I>£<I>2)2+)\3(<I>J{CI>1)(<I>£©2)

1
+A4(<I>{c1>2)(c1>§¢>1)+{2A5(q>{¢>2)2+ [A6(@] 1)+ A7 (@LD2)] BT Dothc. } (2.1)



The parameters of the scalar potential can be chosen so that the minimum of the scalar
potential is achieved when the neutral components of the two scalar doublet fields ac-
quire non-zero vacuum expectation vales, (®9) = v1/v/2 and (®9) = wva/v/2, where the
(potentially complex) vevs satisfy

v? = v ]2 + |vg? ~ (246 GeV)?, (2.2)

as required by the observed W boson mass, my = % gv. The SU(2)xU(1) gauge symmetry
is then spontaneously broken, leaving an unbroken U(1)gy gauge group.

In the most general 2HDM, the fields ®; and ®5 are indistinguishable. Thus, it is
always possible to define two orthonormal linear combinations of the two doublet fields
without modifying any prediction of the model. Performing such a redefinition of fields
leads to a new scalar potential with the same form as eq. (2.1) but with modified coefficients.
This implies that the coefficients that parameterize the scalar potential in eq. (2.1) are not
directly physical [37].

To obtain a scalar potential that is more closely related to physical observables, one can
introduce the so-called Higgs basis in which the redefined doublet fields (denoted below
by H; and Hj) have the property that H; has a non-zero vev whereas Hy has a zero
vev [37, 38]. In particular, we define the new Higgs doublet fields:

Hi P 5 HYf —vyd )
H1:<1>z”1 L% H2:<2 Sk U R ¥ ¥

0 0

It follows that (HY) = v/v/2 and (HY) = 0. The Higgs basis is uniquely defined up to an
overall rephasing, Hy — eXHy (which does not alter the fact that (HS) = 0). In the Higgs
basis, the scalar potential is given by [37, 38]:

1 1
V = Vi H{H\+YoHy Hy+[Ys H| Hyth.c.]+ 5 Z0(H{ Hy)* 5 2o (H) Ho)*+ 25 (H) Hy) (H Hy)
1
+Z4(HIH2)(H§H1)+{225(H1TH2)2+[ZG(HIH1)+Z7(H;H2)]H{H2+h.c.}, (2.4)

where Y7, Y5 and Z1, ..., Z4 are real and uniquely defined, whereas Y3, Z5, Zg and Z7 are
potentially complex and transform under the rephasing of Hy — ¢’XHj as

(Y3, Zg, Z7] — e X[Y3, Zg, Z7] and Zs — e 2XZ5, (2.5)
since V must be independent of x. After minimizing the scalar potential,
1 2 1 2
}/1 = —5211} 5 }/é = —5261} . (26)

This leaves 11 free parameters: 1 vev, 8 real parameters, Ya, Z1234, |Z567

, and two
relative phases.

In the general 2HDM, the physical charged Higgs boson is the charged component of
the Higgs-basis doublet Hs, and its mass is given by

1
mi . =Y+ 5231)2 : (2.7)



The three physical neutral Higgs boson mass-eigenstates are determined by diagonalizing
a 3 x 3 real symmetric squared-mass matrix that is defined in the Higgs basis [38, 39]

Zl Re Zﬁ —Im Zﬁ
M? =v* | ReZs $(Zsa5 + Yo 0?) —11Im Z; ; (2.8)
—Im Zg —3Im Z5 3(Z345 + Y2 /v?) — Re Z5

where Zsys = Z3 + Z4 + Re Z5.

To identify the neutral Higgs mass-eigenstates, we diagonalize the squared-mass matrix
M?. The diagonalization matrix is a 3 x 3 real orthogonal matrix that depends on three
angles: 012, 013 and 633. Following ref. [39],

h1 C12€13  —S12C23 — C12513523  —C12513C23 + $12593 V2Re HY — v

_ 0
ha | = | s12c13  c12¢23 — 512513523 —812813C23 — C12523 V2 Re HS ;
hs3 513 13523 €13C23 V2Im HY

(2.9)
where the h; are the mass-eigenstate neutral Higgs fields, ¢;; = cosf;; and s;; = sin6;;.
Under the rephasing Hy — eX Hy,

012, 013 are invariant, and 63 — 023 — ). (2.10)
Assuming that Zg = | Zg|e™s # 0, it is convenient to define the invariant mixing angle,
¢)5023—96. (211)

In light of the freedom to define the mass-eigenstate Higgs fields up to an overall sign, the in-
variant mixing angles 612, 613 and ¢ can be determined modulo 7. By convention, we choose

1 1
—§7r§912,l913<§7r, and 0<o¢p<m. (2.12)

The physical neutral Higgs states (hj 23) are then given by:

1 v .
hp = —=< gy ( HY — — | + ¢}, HYe2 + h.c.} , 2.13
k ﬁ{qlﬂ < 1 \/5> qrolia ( )

where the ¢i1 and gge are invariant combinations of #15 and 613, which are exhibited in
table 1 [39]. The masses of the neutral Higgs bosons h; will be denoted by m;, respectively.
It is convenient to define the physical charged Higgs states by

H* = et E (2.14)

so that all the Higgs mass-eigenstate fields (hy, hg, hy and H7T) are invariant under
H2 — eiXHQ.

5If Zs = 0, then one can always rephase the Higgs basis field Hs such that Zs is real. In this basis,
the neutral Higgs boson squared-mass matrix, M?, is diagonal, and the identification of the neutral Higgs
boson mass-eigenstates is trivial.



k k1 qk2
1 €12€13 —S$12 — 1C12513
2 $12€13 C12 — 1512513
3 513 iclg

Table 1. Invariant combinations of the neutral Higgs boson mixing angles 615 and 613, where
cij = cosb;; and s;; = sin0;;.

Although the explicit formulae for the neutral Higgs boson masses and mixing angles
are quite complicated, there are numerous relations among them which take on rather
simple forms. The following results are noteworthy [39, 40]:

Zw® = miclyels + m3sthels +misiy, (2.15)

Re(Zs e 02) v? = c13510¢12(m3 — m3), (2.16)
Im(Zs e 923) 02 = s13c13(clym? + s29m3 — m3), (2.17)
Re(Z5 672i923) v? = mi(sTy — cfasts) + mi(cfy — siasis) — micls, (2.18)
Im(Zs e=2923) v? = 2s19¢19513(m3 — m?) . (2.19)

We next turn to the Higgs-fermion Yukawa couplings. As reviewed in appendix A,
one starts out initially with a Lagrangian expressed in terms of the scalar doublet fields ®;
(1 = 1,2) and interaction-eigenstate quark and lepton fields. After electroweak symmetry
breaking, one can re-express the scalar doublet fields in terms of the Higgs basis fields H;
and Hy. At the same time, one can identify the 3 x 3 quark and lepton mass matrices.
By redefining the left and right-handed quark and lepton fields appropriately, the quark
and lepton mass matrices are transformed into diagonal form, where the diagonal elements
are real and non-negative. The resulting Higgs-fermion Yukawa Lagrangian is given by in
eq. (A.16) and is repeated here for the convenience of the reader [40],

~ %y = Up(sVH + pVHIWUR — DK (xVH; + pUHy )UR
+ULK(&PTH! + pPTH DR + D (P THY + pP THY) Dp
+NL(kETH + pPTHS)Er + Er (kP THY + pPTH)ER + hec.,  (2.20)

where U = (u,c,t) and D = (d, s,b) are the mass-eigenstate quark fields, K is the CKM
mixing matrix, N = (ve, vy, v,) and E = (e, p, 7) are the mass-eigenstate lepton fields, and
k and p are 3 x 3 Yukawa coupling matrices. Note that F'r; = Pg F, where I' = U,
D, N and F, and P = %(1 + 7;) are the right and left-handed projection operators,
respectively. At this stage, the neutrinos are exactly massless, so we are free to define the
physical left-handed neutrino fields, Ny, such that their charged current interactions are
generation-diagonal.’

By setting HY = v/v/2 and HY = 0, one can relate ¥, k”, and k¥ to the diagonal
(up-type and down-type) quark and charged lepton mass matrices My, Mp, and Mg,

5To incorporate the neutrino masses, one can employ a seesaw mechanism [41-45] and introduce three
right-handed neutrino fields along with an explicit SU(2)x U(1) conserving mass term. See footnote 4.



respectively,

v v
My = —&Y = diag(my, , me, my), Mp = —krPT = dia mq, Mg, Mp) ,
v=75 g(my , me, my) P="7 g(ma, ms, myp)
v g )
Mg = ﬁ/ﬁ T = diag(me, m,,, my). (2.21)

However, the complex matrices p’’ (F = U, D, E) are unconstrained. Moreover, under the
rephasing Hy — e'XHj, the Yukawa matrix acquires an overall phase, pf — eXp!", since
% must be independent of x.

To obtain the physical Yukawa couplings of the Higgs boson, one must relate the
Higgs basis scalar fields to the Higgs mass-eigenstate fields. Using egs. (2.13) and (2.14),
the Higgs-fermion Yukawa couplings are given by,

3

— M, 1

4y = UZ{%IUU + 2 [q*Q 230U P + qia [ p ]TPL] }Uhk (2.22)
=1

3
_ M 1 , .y
+E qm—UE + 7 [qu [€1022 pE)T PR + g, €023 pEPL} }Ehk
k=1

+{U [K[e"23pP TPk — [ pV I K P | DH" + N[ pP|' PREH T + h.c.} .

3
- Mp 1 i6os D1t « i3 D
+D;{lev+ﬂ [%2 [ p”|"Pr + q19 €% p PL} Dhy,

2‘192310U7 ei923

variant under the rephasing of Hs. It is convenient to rewrite the Higgs-fermion Yukawa

23 )P that appear in these interactions are in-

The combinations e pP and e

couplings in terms of the following three 3 x 3 hermitian matrices that are invariant with
respect to the rephasing of Ho,

ph = ”M;”Q{ew%pF + [ei923pF]T}M;1/2, for F=U,D,E, (2.23)
2v/2

pF =" ‘MF_I/z{er?’pF— [ei"%pF]T}M;l/?, for F=U,D,E, (2.24)
221

where the Mp are the diagonal fermion mass matrices [cf. eq. (2.21)] and the Yukawa
coupling matrices are introduced in eq. (2.20). Then, the Yukawa couplings take the
following form:

3
1= , ,
~Fy = U M/ 2{%111 + Re(are) [ + 7507 | + Im(are) [ — i3] }M}/ “Uhy,
k=1

3
ne . .
~-D E 1/2{%111 +Re(ar2) [pR — ivsp? ] + Im(ar2) [pf + ivs0R) }ME/Qth

/I) —
1 3

— . . 1/2
+= EZ {%1]1 +Re(ar2) [ — ivspr | + Im(ar2) [T + i75P5] }ME/ Ehy,
\f = 1/2 . D 1/2 1/2, U .U 1/2 +
+— U[KMp —ip7 )M “Pr — M/~ (pg — ip] )M,/ " K Pr| DH

NMY2(ph —ipP) MY PREHY + h.c.}, (2.25)



where 1 is the 3 x 3 identity matrix. The appearance of unconstrained hermitian 3 x 3
Yukawa matrices pg ; in eq. (2.25) indicates the presence of potential flavor-changing neu-
tral Higgs-quark and lepton interactions. If the off-diagonal elements of pg’ ; are unsup-
pressed, they will generate tree-level Higgs-mediated FCNCs that are incompatible with
the strong suppression of FCNCs observed in nature.

2.2 The limit of a SM-like Higgs boson

Current LHC data suggest that the properties of the observed Higgs boson are consistent
with the predictions of the Standard Model. In this paper, we shall identify h; as the
SM-like Higgs boson. In light of the expression for the h; coupling to a pair of vector
bosons VV = WTW~ or ZZ,

9 vv

=coc13 > 1, where V =W or Z, (2.26)
JhsVV

it follows that |sia|, |si3] < 1. Thus, in the limit of a SM-like Higgs boson, egs. (2.16)
and (2.17) yield [39]:

Re(Zge 023 )92
|s12| =~ ’(32) <1, (2.27)
may —my
Im(Zge 1023 )92
|s13] =~ ’(262) <1. (2.28)
m3 —mj

In addition, eq. (2.19) implies that one additional small quantity characterizes the limit of
a SM-like Higgs boson,

. 2 2 2 1 ZQ —2i023,,2
‘ Im(Z56721923>‘ ~ I (m2 @1)812813 ~ ’ m( 626 5 )U < 1. (229)

Moreover, in the limit of a SM-like Higgs boson, eq. (2.18) yields
m3 — m2 ~ Re(Zse 210232 . (2.30)

As a consequence of eqs. (2.27) and (2.28), the limit of a SM-like Higgs boson” can be
achieved if either | Zs| < 1 and/or if mg, m3 > v. The latter corresponds to the well-known
decoupling limit of the 2HDM [39, 46, 53].% In this paper, we will focus on the decoupling
regime of the 2HDM to ensure that h; is sufficiently SM-like, in light of the current LHC
Higgs data [3].

2.3 Neutral scalars of definite CP

In the exact SM-Higgs boson limit, the couplings of h; are precisely those of the SM
Higgs boson. In this case, we can identify h; as a CP-even scalar. In general, the heavier
neutral Higgs bosons, hy and hs can be mixed CP states. The limit in which hy and hg

"In the literature, this is often referred to as the alignment limit [46-52]. We do not use this nomenclature
here in order to avoid confusion with flavor alignment, which is the focus of this paper.
8Note that eq. (2.30) implies that in the decoupling limit, mo > v implies that ms > v and vice versa.



are approximate eigenstates of CP is noteworthy. This limit is achieved assuming that
|s13] < |s12]. That is,

513
S12

~

‘(m% - m%> In(Zge )| ;. (2.31)

m3 —my ) Re(Zge123)

In the decoupling limit, the ratio of squared-mass differences in eq. (2.31) is of O(1).
Moreover, unitarity and perturbativity constraints suggest that Re(Zge™%23) cannot be
significantly larger than O(1). Hence, it follows that

| Im(Zge23)| < 1. (2.32)

In light of eq. (2.10), we can rephase Hy — e¢XHy such that 63 = 0 (mod =),
ie. co3 = £1. Egs. (2.29) and (2.32) then yield |Im Z5|, |Im Zs| < 1. For simplicity
in the subsequent analysis, we henceforth assume that a real Higgs basis exists in which
Zs5 and Zg are simultaneously real. In this case, the scalar Higgs potential and the Higgs
vacuum are CP-invariant, and the squared-mass matrix of the neutral Higgs bosons given
in eq. (2.8) simplifies,

Zyv? Zgv? 0
M? = | Zgv® Yo+ 3(Zs+ Za+ Zs)v? 0 : (2.33)
0 0 Y + 3(Zs + Zy — Zs)v?

where Z5 and Zg are real. Moreover, c¢j3 = 1 and we can set 033 = 65 = 0 (mod 7), or
equivalently
€i923 = C23 = €4, (2.34)

where €5 = sgn Zg, in the real Higgs basis [cf. egs. (2.11) and (2.12)]. To maintain the
reality of the Higgs basis, the only remaining freedom in defining the Higgs basis fields is
the overall sign of the field Hy. In particular, under Ho — — Hs, we see that Z5 is invariant
whereas Zg (and Z7) and ca3 change sign. We immediately identify the CP-odd Higgs
boson A = v/2Im HY with squared mass,

1
m% =Y, + 5(Zs+ Zs— Zs5)v? . (2.35)

Note that the real Higgs mass-eigenstate field, A, is defined up to an overall sign change,
which corresponds to the freedom to redefine Hy — —Hs. In contrast, the charged Higgs
field H* defined (as a matter of convenience) by eq. (2.14) is invariant with respect to
Hy — —H,. Indeed, by using eq. (2.34), we can now write H* = egHy. In light of
egs. (2.7) and (2.35),

1
mi. =m% — §(Z4 — Z5)v?. (2.36)
The upper 2 x 2 matrix block given in eq. (2.33) is the CP-even Higgs squared-mass
matrix,
Z1v? Zgv?
My =" 0 : (2.37)
Zgv®  m} + Zsv?
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where we have used eq. (2.35) to eliminate Y3. To diagonalize M?,, we define the CP-even
mass-eigenstates, h and H (with my; < mp) by

<H> _ <05_a —Sg_a) <\/§ Re HY — v) 7 (2.38)
h SB—a CB—a \/i Re H. g

where cg_q = cos(f — ) and sg_, = sin(f — «) are defined in terms of the angle 5 defined
via tan § = v /v1, and the mixing angle o that diagonalizes the CP-even Higgs squared-
mass matrix when expressed relative to the original basis of scalar fields, {®1, ®2}, which
is assumed here to be a real basis.” Since the real Higgs mass-eigenstate fields H and h are
defined up to an overall sign change, it follows that 8 — « is determined modulo 7. To make
contact with the notation of eq. (2.9), we note that c13 = 1 and ca23 = €6 [cf. eq. (2.34)].

Assuming that hj is the lighter of the two neutral CP-even Higgs bosons, then eq. (2.38)
implies the following identifications:

h = h1 5 H = —66h2 5 A= €6h3 y (239)
and
€12 = Sg—a 812 = —€6CH—q - (2.40)

This means that the signs of the fields H and A and the sign of cs_, all flip under the
redefinition of the Higgs basis field Hy — —Ho.
Note that 0 < s3_o < 1 in the convention specified in eq. (2.12). Moreover, eq. (2.16)

yields
ZﬁU2
S—alf—a = —w ) (2.41)

and it therefore follows that 0 < s12, c12 < 1 and cg_nZg < 0. The decoupling limit
corresponds to my > my, and |cg_q| < 1 [cf. eq. (2.27)], in which case we can identify h as
the SM-like Higgs boson and H as the heavier CP-even Higgs boson. Finally, eqs. (2.15)—
(2.19) yield

Z1v? = m3 s%,a +m c%,a, (2.42)
Zev? = (m} — m¥H)s8s-aCs o, (2.43)
70?2 — m2 2 2 2 2 9 44

5V° = My Sg_q T Mp Ch_gq — My - (2.44)

In particular, m% ~ Z1v? in the limit of a SM-like Higgs boson h. Applying eq. (2.40) to
table 1,

qi1 = SB—a q12 = €6C4—a » (2.45)
721 = —€6C4—a 422 = Sp—a (2.46)
q31 =0, q32 =1. (2.47)

Given the assumption [indicated above eq. (2.33)] that the scalar Higgs potential and the Higgs vacuum
are CP-invariant, it follows that there must exist a real basis of scalar fields in which all scalar potential
parameters and the vacuum expectation values of the two neutral Higgs fields, (®?) = v;/v/2 (for i = 1, 2),
are simultaneously real [54].
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Inserting these results into the general form of the Yukawa couplings given in eq. (2.25), we
obtain the following Higgs-fermion couplings in the case of a CP-conserving Higgs scalar
potential and vacuum,

1 — )
- == Z F{SE_QMF + eGCB_QM}/Q [pg + 25F75pﬂM}/2}Fh

F=U,D,E
1 il .
5 Z F{CBaMF—eﬁsgQM;,/Z[;)E—i-ZEF’yg,pﬂM;/Z}FH
F=U,D,E
1 - 1/2 . 1/2
+; Z F{MF/ eﬁ(pf—zgp%pg)MF/ }FA
F=U,D,E
ﬂ b4 1/2, D . D 1/2 1/2, U .U 1/2 +
+=— U[KMJ (pR —ipf )My Pr — M/~ (pg — ipf )M/ "KPL|DH
NM(oF —ipf ) My > PREH* + h.c.}, (2.48)

where we have introduced the notation,

11 for F=U,
ep = { o (2.49)

-1  for F=D,E.

Moreover, by employing eq. (2.34) in egs. (2.23) and (2.24), the expressions for pk and pf’
in terms of the Higgs Yukawa coupling matrices pf” simplify,

(%
My pRMy = s (0" + 101, (2:50)
. 1/2 1/2 v
oMy 2pf My* = ﬁ(PF — ") (2.51)

The structure of the neutral Higgs couplings given in eq. (2.48) is easily ascertained.
If pf # 0, then the neutral Higgs fields will exhibit CP-violating Yukawa couplings. '’
Moreover, the two sign choices, eg = +1 are physically indistinguishable, since the sign of
Zg can always be flipped by redefining the Higgs basis field Hy — —Hs. Under this field
redefinition, p’’, cg—a, H and A also flip sign, in which case %y is unchanged.

For completeness, we briefly consider the case where hy is the heavier of the two neutral
CP-even Higgs bosons. In this case, eq. (2.38) implies the following identifications,

h = 66h2 s H = hl y A= Eﬁhg s (252)
and
€12 = Ch—q s 512 = €653—q - (2.53)

This means that the signs of the fields A and A and the sign of sg_, all flip under the
redefinition of the Higgs basis field Hy — —Hs. Note that eqs. (2.41)—(2.44) are still valid.

107 jkewise, if Im Z7 # 0 in a basis where Zs and Zg are real, then the neutral Higgs fields will also possess
CP-violating trilinear and quadralinear scalar couplings.
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Invoking the convention given by eq. (2.12) now implies that 0 < ¢g_,, < 1 and Zgsg_, < 0.
Moreover in light of eq. (2.26), if [sg_a| < 1 then H is SM-like and m? ~ Z;v%, which
is achieved in the limit of |Zg| < 1. No decoupling limit is possible in this case since
myp, < mpy = 125GeV. Using eq. (2.53), one can check that egs. (2.45)—(2.47) are modified
by taking sg_q — cg—q and cg_q — —Sg_q. As a result, eq. (2.48) remains unchanged.

So far, the parameters a and 5 have no separate significance. Only the combination,
8 — « is meaningful. Moreover the matrices pg and pf are generic complex matrices,
which implies the existence of tree-level Higgs-mediated flavor changing neutral currents,
as well as new sources of CP violation. However, experimental data suggest that such
Higgs-mediated FCNCs must be highly suppressed. One can eliminate these FCNCs by
imposing a discrete Zo symmetry ®; — &1 and &2 — —P5 on the quartic terms of the
Higgs potential given in eq. (2.1), which sets Ag = A7 = 0 and gives physical significance to
the ®1-P, basis choice. This in turn promotes the CP-even Higgs mixing angle « in the real
®1-®5 basis and tan 8 = vy /v; to physical parameters of the model.'! The Z symmetry
can be extended to the Higgs-fermion interactions in four inequivalent ways. In the notation
of the Higgs-fermion Yukawa couplings given in eq. (2.48), the ,0;7 ; are given by!?

1. Type-l: for F = U, D, E, pk = ¢ cot 1 and p¥ = 0.

2. Type-II: p% = eg cot f1 and pIU =0. For F=D,F, pg = —¢g tan S1 and pf = 0.
3. Type-X: pg = —eg tan 51 and p’ILJ =0. For F=U, D, pg = ¢g cot 1 and pf =0.
4. Type-Y: pg = —¢g tan S1 and p? =0. For F=U,E, pg = eg cot B1 and pf =0.

Inserting these values for the pg and pf into eq. (2.48), the resulting neutral Higgs-fermion
Yukawa couplings are flavor diagonal as advertised.

From a purely phenomenological point of view, one can simply avoid tree-level Higgs-
mediated FCNCs by declaring that the pg and pf are diagonal matrices. In the simplest
generalization of the Type I, II, X and Y Yukawa interactions, one asserts that both the pg
and the pf are proportional to the identity matrix (where the constants of proportionality
can depend on F'). This is called the flavor-aligned 2HDM, which we shall discuss in the
next subsection.

2.4 The flavor-aligned 2HDM

The flavor-aligned 2HDM posits that the Yukawa matrices s and p® [cf. eq. (2.20)] are
proportional. When written in terms of fermion mass-eigenstates, kP = V2Mp Jv is di-
agonal. Thus in the A2HDM, the p!" are likewise diagonal, which implies that tree-level

HGince the existence of a real Higgs basis implies no spontaneous nor explicit CP-violation in the
scalar sector, there exists a ®1-®, basis in which the A; of eq. (2.1), v1 and vz (and hence tan ) are
simultaneously real.

12 As defined here, the parameter tan 3 flips sign under the redefinition of the Higgs basis field Hy — — Ho,
in contrast to the more common convention where tan 3 is positive (by redefining Ho — — H> if necessary).
With this latter definition, the two cases of €5 = £1 [or equivalently the two cases of sgn(sg_acg—a) = F1]
represent non-equivalent points of the Type-I, II, X or Y 2HDM parameter space. However, we do not
adopt this latter convention in the present work.
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Higgs-mediated FCNCs are absent. We define the alignment parameters a® via,

ol = e 7024 I for F=U,D,F, (2.54)

where the (potentially) complex numbers a’” are invariant under the rephasing of the Higgs

basis field Hy — e’XHy. Tt follows from eqgs. (2.23) and (2.24) that
pk = Rea)1, pF = (Ima®)1. (2.55)
Inserting the above results into eq. (2.22), the Yukawa couplings take the following form:

3
1— N *
— % = - U E MU{qm + gjpa¥ Pr + qroa? PL}Uhk: (2.56)
k=1

3
1 ) *
-D Z {%1 + qroa”* Pr + quaDPL}th

@

3

1 _

- E§ j “P Ep. VEh
v {Qk1+Qk2a R+ Qo0 L} k

f{ a?*KMpPg — a"*MyKP,|DH" + a®* NMpPrEH" + h.c.}.
v

This form simplifies further if the neutral Higgs mass-eigenstates are also states of definite
CP. In this case, the corresponding Yukawa couplings are given by

1 —
~H==- % FMF{Sga +€e6cp—a Rea’ +ie’ Ima’y] }Fh (2.57)
Y r=UD.E
Z FMF{cﬁ_a — €658—a [Re at + i Im aF'y5] }FH

Y r=UD.E

1 —
+- Z FMF{G(;[ImaF—ieFReaF’y5]}FA

Y r=UD.E

V2

+{U[aD*KMDPR —a”*MyKP,|DH" + " NMgPRrEH" + h.c.}.
v

As noted above eq. (2.41), it is convenient to choose a convention in which sg_, > 0. It
then follows from eq. (2.41) that egcg—q = —|cg—q|- That is, the neutral Higgs couplings
exhibited in eq. (2.57) do not depend on the sign of ¢g_, (which can be flipped by redefining
the overall sign of the Higgs basis field Hs). Note that in this convention, the signs of the
alignment parameters a! are physical.

The Type-1I, II, X and Y Yukawa couplings are special cases of the A2HDM Yukawa
couplings. Since the a’ (F = U,D, E) are independent complex numbers, there is no
preferred basis for the scalar fields outside of the Higgs basis. Thus, a priori, there is no
separate meaning to the parameters o and 3 in eq. (2.57). Nevertheless, in the special case
of a CP-conserving neutral Higgs-lepton interaction governed by eq. (2.57) with Im a” = 0,

it is convenient to introduce the real parameter tan 8 via

af = —egtan 3, (2.58)
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corresponding to a Type-II or Type-X Yukawa couplings of the charged leptons to the
neutral Higgs bosons. The theoretical interpretation of tan 5 defined by eq. (2.58) is as
follows. It is always possible to choose a ®1-®5 basis with the property that one of the two
Higgs-lepton Yukawa coupling matrices vanishes. Namely, in the notation of eq. (A.1), we
have nf 0= 0, which means that only ®; couples to leptons. In the case of a CP-conserving
scalar Higgs potential and Higgs vacuum, we can take the ®1-®5 basis to be a real basis and
identify tan 8 = vg/v1, where (®9) = v;/v/2 (for i = 1, 2). However, in contrast to Type-II
or Type-X models, 772E ¥ = 0 does not correspond to a discrete Zo symmetry of the generic
A2HDM Lagrangian, since we do not require any of the Higgs-quark Yukawa coupling
matrices and the scalar potential parameters A\g and Ay to vanish in the same ®{-®5 basis.
Note that the sign of a” in eq. (2.58) is physical since both e and tan 3 flip sign under
the Higgs basis field Hy, — —Hs. In contrast to the standard conventions employed in
the 2HDM with Type-I, II, X or Y Yukawa couplings where tan § is defined to be positive
[cf. footnote 12], we shall not adopt such a convention here. In practice, we will rewrite
eq. (2.58) as,
af = eg|tan g, (2.59)

where e = +1 correspond to physically non-equivalent points of the A2HDM parameter
space.

One theoretical liability of the A2HDM is that for generic choices of the alignment
parameters a” and aP, the flavor-alignment conditions in the quark sector specified in
eq. (2.54) are not stable under the evolution governed by the Yukawa coupling renormal-
ization group equations. Indeed, as shown in ref. [32], eq. (2.54) is stable under renormal-
ization group running if and only if the parameters a¥ and a” satisfy the conditions of
the Type I, I, X or Y 2HDMs specified at the end of section 2.3. In the leptonic sector,
since we ignore neutrino masses, the Higgs-lepton Yukawa couplings are flavor-diagonal at
all scales. We therefore assume that'?

pF(A) = aF kE(A), for F =U, D, (2.60)

at some very high energy scale A (such as the grand unification (GUT) scale or the Planck
scale). That is, we assume that the alignment conditions are set by some a priori unknown
physics at or above the energy scale A. We take the complex alignment parameters a!” to
be boundary conditions for the RGEs of the Yukawa coupling matrices, and then determine
the low-energy values of the Yukawa coupling matrices by numerically solving the RGEs.
To ensure that the resulting low-energy theory is consistent with a SM-like Higgs boson
observed at the LHC, we shall take my = 125 GeV, and assume that the masses of H, A
and H* are all of order Ay > 400 GeV. In this approximate decoupling regime, lcg—al is
small enough such that the properties of h are within about 20% of the SM Higgs boson,
as required by the LHC Higgs data [3]. We employ the 2HDM RGEs given in appendix B
from A down to Ag, and then match onto the RGEs of the Standard Model to generate
the Higgs-fermion Yukawa couplings at the electroweak scale, which we take to be m; or
mz. Note that the values of K%(Ay) = vV2Mg(Ay) /v (for Q = U, D) are determined from
the known quark masses via Standard Model RG running.

13Under the assumption of a real Higgs basis, €5 = €923 is fixed via eq. (2.58). This factor, which appears
in eq. (2.54), can then be absorbed into the definition of a®".
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As noted above for the lepton case (F = E), if p?(A) is proportional to x¥(A), then p
is proportional to x at all energy scales. Thus, we identify the leptonic alignment parameter
at low energies by tan 8. More precisely [cf. egs. (2.21) and (2.59)],

" (Am) = V2ep| tan B|Mp(Aw) /v (2.61)

Then, Mp(Ag) is determined by the diagonal lepton mass matrix via Standard Model RG
running.

2.5 Higgs-mediated FCNCs from high scale alignment

To explore the Higgs-mediated FCNCs that can be generated in the A2HDM at the elec-
troweak scale, we establish flavor-alignment at some high energy scale, A, as for example
at the GUT or Planck scale, and run the one-loop RGEs from the high scale to the elec-
troweak scale. Thus, we impose the following boundary conditions for the running of the
one-loop 2HDM Yukawa couplings,

k9 (Ax) = V2Mg(Ax)/v, (2.62)
p?(A) = a®kP(A), (2.63)

where the Mg (Q = U, D) are the diagonal quark matrices, and Ay is the scale of the heav-
ier doublet, taken to be relatively large to guarantee that we are sufficiently in the decou-
pling limit. For the lepton sector, the corresponding boundary conditions are [cf. eq. (2.59)],

KE(Ay) = V2Mp(Ay) /v, (2.64)
p"(Am) = ep|tan B|x" (Ap). (2.65)

Satisfying the two boundary conditions for the quark sector [egs. (2.62) and (2.63)] is not
trivial, since they are imposed at opposite ends of the RG running. For example, to set
flavor-alignment at the high energy scale, we must know the values of K% (A). This involves
running up k2(Ag) to the high scale, but since the one-loop RGEs are strongly coupled
to the p® matrices, we must supply values for p@ (Ag) to begin the running.

With no a priori knowledge of which values of p?(Ag) lead to flavor-alignment at
the high scale, we begin the iterative process by assuming flavor-alignment at Ay via a
low-scale alignment parameter a/?,

p?(Am) = a'%k®(An). (2.66)

This flavor-alignment will be broken during RGE evolution to the high scale, and a pro-
cedure is needed to reestablish flavor-alignment at the high scale. To accomplish this, we
decompose p?(A) into parts that are aligned and misaligned with x?(A), respectively,

p?(A) = a®k9(A) + 6p°, (2.67)

where a® represents the aligned part (in general, different from a’Q), and dp< the corre-
sponding degree of misalignment at the high scale.
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To minimize the misaligned part of p?(A), we implement the cost function,

3 3
AR =3 15pdP = D 1) — a%Rg (M), (2.68)
inj:l i,jzl

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

3 Qx Q
@ Zgj:r‘iij (A)pij(A).
S (ARG (A)

We subsequently impose flavor-alignment at the high scale using this optimized alignment

(2.69)

parameter,

PP (A) = a®K%(A), (2.70)

and evolve the one-loop RGEs back down to Ag. In principle, further running of ¥ and
kP below Ay can regenerate off-diagonal terms. However, these effects are extremely small
and can be ignored in practice. At Ay, we use (2.62) to match the boundary conditions
for the 2HDM and SM. At this point, the matrices k¥ and P at the scale Ay are no
longer diagonal, so we must rediagonalize kU and x” in analogy with eq. (A.12) [while
respectively transforming p¥ and p” (at the scale Ay) in analogy with eq. (A.13)]. We can
now evolve kU and x” down 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 Ap, and then rerun this procedure repeatedly until the two boundary conditions are
satisfied. The result is flavor-alignment between x?(A) and p@(A), and a set of p? matrices
at the electroweak scale that provide a source of FCNCs.

In our iterative procedure, we demand that all scale-dependent Yukawa couplings re-
main finite from the electroweak scale to the Planck scale (i.e., Landau poles are absent
below A = Mp). This restricts the range of the possible seed values, a’?, used in eq. (2.66)

U and a? cannot be

to initialize the iteration. Consequently, the alignment parameters a
too large in absolute value. Constraints on the alignment parameters due to Landau pole
considerations during one-loop RG running have been given in ref. [59]. In our analysis,
the allowed values of aV and a® consistent with the absence of Landau poles at all scales
below A are exhibited in figure 1.1° Assuming Ay = 400 GeV, these considerations lead

to bounds on the alignment parameters evaluated at the Planck scale, A = Mp,
laY| < 0.8 and |a”| < 80, (2.71)

which are consistent with the results previously obtained in ref. [59].

14Sta]rtimg 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 mz and m; are obtained from the RunDec Mathematica software
package [55, 56], based on quark masses provided in ref. [57]. We fix the initial value of the top Yukawa
coupling y:(m:) = 0.94, corresponding to an MS top quark mass of m;(m;) = 163.64GeV [58]. For
simplicity, the effects of the lepton masses are ignored, as these contribute very little to the running.

151f a Landau pole in one of the Yukawa coupling matrices arises at the scale A, then both the corre-
sponding p®?(A) and k9 (A) diverge, whereas their ratio, a%, remains finite.
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Figure 1. The allowed values of a¥ and a” consistent with the absence of Landau poles below
A = Mp are exhibited. The blue points occupy the region of the A2HDM parameter space where
the prediction for all entries of the p? matrices lie within a factor of 3 from the results obtained
with the full running. The red points occupy the region where the leading log approximation yields
results quite different from the full RG running.

2.6 Leading logarithm approximation

In the limit of small alignment parameters, it is possible to obtain approximate analytic
solutions to the one-loop RGEs provided in appendix B. One can express the p® matrices
at the low scale as

2V (Ag) ~ VsV (Ag) + 161?2 log (ff) (D — aUDRY), (2.72)
pP(Ap) ~ aPkP(Ay) + 161 5 log <AAH) (DpP — aPDKP), (2.73)

where DxP DY, DpP, DpY are the B-functions defined in eqs. (B.10)—(B.14) and
kY (Ap) and kP (Ap) are proportional to the diagonal quark mass matrices, My and
Mp respectively, at the scale Ay, according to eq. (2.21). Working to one loop order
and neglecting higher order terms, it is consistent to set pf' = af'vf = at'\/2Mp /v (for
F =U, D, E) in the corresponding S-functions,'®

V2(My)j; | (My)jj Ap .
PV (Ag)ij ~ a¥éi; . 4 1 \/%2];3 log <A> {(aE N1+ aY (a®)*]6;; Tr(M.

+(aD — aU) [1 + aU(aD)*] |:35’LJ TI“(M%) -2 Z(M%)kkKZk k:| 2 74
k

V2(Mp)i; Mp)ii A
PP (An)y ~ aPo,; (Mp) (Mp)ii | <H

v * 427203 ? A) {(aE —a”) [1 i aD(aE)*]éij (M)

+(aU — aD) [1 + aD(aU)*] |:3§” Tr(M[%') -2 Z(Ml%)kkKI:sz]] } . (2.75)
k

' The misalignment contributions exhibited in eqs. (2.74) and (2.75) were computed for the first time in
ref. [60].
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It follows that there is a large hierarchy among the several off-diagonal terms of the p@

matrices,
D
P~ (A )i (Mp)i o
~ <1, fori<yj, (2.76)
pP(Am)ji| — (Mp)j;
U
p”(Au)iy|  (Mu)j; o
~ > 1, fori<j. 2.77
pV(Am)jil  (Mu)ii (2.77)

The inequality given in eq. (2.76) was previously noted in ref. [36], and provides the jus-
tification for ignoring pi[])- relative to p]’-:g , for i < j.17 This hierarchy of Yukawa couplings
is reversed for pg This reversal can be traced back to the fact that pU is undaggered in
eq. (2.20) whereas pP is daggered.

It is noteworthy that the leading log results for the off-diagonal terms of the p¥ matri-
ces obtained in eqgs. (2.74) and (2.75) and the corresponding full numerical calculation are
typically within a factor of a few. Even for small alignment parameters, there can be some
small discrepancies between the two approaches that can be traced back to the higher order
terms that were neglected in eqs. (2.74) and (2.75). These higher order terms are not negli-
gible due to the running performed between the electroweak scale and the high energy scale
A. The leading log approximation describes less and less accurately the numerical results at
larger and larger alignment parameters. This is shown in figure 1, where the blue points cor-
respond to the parameter regime in which the leading log approach leads to results within
a factor of 3 of the results obtained numerically for all the elements of the p and p” ma-
trices. In contrast, the red points correspond to the parameter regime in which the leading
log approximation leads to results quite different from what is obtained by the full running.

2.7 A particular type of Minimal Flavor Violation

In the quark sector of the A2HDM, only the two Yukawa coupling matrices kY and x”
break the SU(3)oxSU(3)yxSU(3)p global flavor symmetry of the electroweak Lagrangian
involving quarks. For this reason, our model can be thought in terms of a specific realization
of a Minimal Flavor Violating (MFV) 2HDM [29]. In particular, in a general 2HDM with
MFYV one can write the Yukawa Lagrangian as

— L MEV = QLYuURH;r + QLYJDRHl + QLAUURH;r + QLAIIDRH2 +he., (2.78)

with Hy, Hs the two Higgs doublets in the Higgs basis as defined in section 2 and Qr, Ur, Dgr
flavor eigenstate quarks. In general, A,, A; can be expressed by the infinite sum [35]

Ay = Z 6Zlnzna' (YdeT)m(YuYJ)nZ (YdeT)nSYw (2.79)
ni,n2,n3

Ar = D Cman, (Ya¥) " (VY™ (YaY,)) Yy, (2.80)
n1,n2,n3

with generic O(1) complex coefficients ez;-d. In order to determine the coefficients eZ%d in
the A2HDM, we rotate to the quark mass-eigenstate basis: Y, — xV, A, — pV, Yy — &P,

7To make contact with the Higgs basis Yukawa couplings A, and Ay employed by ref. [36], we note the
relations pU =+v2A, and pD = \/QAL.
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Ag — pP and compare with the leading log expressions for pV and p” as reported in
egs. (2.74) and (2.75). We find

w 1 A .
eboo = a” — 372,208 <AH> {3(CLU —a?)[1+ a¥(a")*] Tr(MD)

+ (a¥ = a®)[1 + a¥(a")*] Tr(Mg)} . (2.81)

1 Au\ v _ b U( D

6111400 = ﬁlog <A> (CL —a )[1 +a (CL )*] s (282)
and all the higher order coefficients equal to zero. The corresponding coefficients for the
down sector are obtained from these expressions with the replacement a¥ — a”,a” —
aV, kP — kY. As expected, the leading term in eq. (2.81) is given by the alignment
parameter at the high scale aV. This coefficient receives one loop corrections. The term in

eq. (2.82) generates off diagonal terms in the matrix pV and is one loop suppressed.

3 Predictions of the model for high energy processes

For our numerical analysis, we use the procedure described in the previous section, taking
the A2HDM to be in the decoupling limit, which ensures that the properties of the lightest
Higgs boson, h, are approximately those of the observed (SM-like) Higgs boson. As stated
below eq. (2.33), we assume that the Higgs scalar potential and the Higgs vacuum are CP-
conserving. In this case, the two heavier neutral scalars, H and A, are CP-even and CP-odd
mass-eigenstates, respectively. In the decoupling limit, these two scalars are roughly degen-
erate in mass, i.e., myg ~ ma ~ Ag > my. The decoupling limit also enforces the condition
|cos(8 — a)] < 1, as noted below eq. (2.41). In this paper, we shall choose a benchmark
mass of my = 400 GeV. Noting that in the case of a SM-like Higgs boson, m}% ~ Z1v? =
(125 GeV)?2, which implies that Z; ~ 0.26, we will furthermore assume that | Zg| and Z; are
of similar size. Indeed, eq. (2.41) yields |cos(8—a)| ~ 0.11 for | Zs| = Z;.'® In particular, if
B—a =m/2—z, with |x| < 1, then values = # 0 imply deviations from SM behavior of the
couplings of the 125 GeV Higgs boson to fermions and gauge bosons, as well as the appear-
ance of flavor changing neutral Higgs couplings, the largest of which is the hbs coupling.
In our analysis, we allow for CP-violating effects to enter in two ways. First, CP-
violating charged Higgs couplings to fermion pairs are generated via the appearance of the
CKM matrix, K. Second, we generically allow for the possibility of complex alignment

U and aP at the high energy scale. Via RG-running, CP-violating neutral

parameters a
Higgs couplings to fermion pairs will be generated. However, this extra source of CP
violation will lead to a loop-suppressed mixing of H and A that is difficult to observe due

to the near mass degeneracy of these states in the decoupling limit under consideration here.

3.1 The couplings of the SM-like Higgs boson

It is instructive to examine the hbb coupling, which is the Yukawa coupling that is most
affected by New Physics in our framework, and thus plays the leading role in constraining

8For my = 400 GeV, even a value as large as | Zs| = 1, yields |cos(8 — )| = 0.477 [cf. eq. (2.41)], which
is (barely) consistent with the measured WW and ZZ couplings of the observed Higgs boson.
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the parameter space. Following the standard notation of the ATLAS and CMS Collabo-
rations, we denote the coupling of h to bottom quarks normalized to the SM prediction
by kp.'? Due to the presence of a CP-violating contribution to the hbb coupling when
Im p3D3 #£ 0, both scalar and pseudoscalar contributions to the hbb coupling must be con-
sidered [see eq. (2.48)]. In the approximation where my;, < my, one can simply replace s
in the expression for the Yukawa coupling with +1, in which case k; can be expressed by
the magnitude of the complex number,

v D

Kp = |Sg_ey + ————=C3_ , 3.1

b B—a -] B—aP33 (3.1)

and compared to its ATLAS and CMS measurement, extracted from the h — bb rate. In
the leading log approximation, eq. (2.75) yields,

1 A
Kb = |SB—a + aDCﬁ—a + 702 log <XI) {(CLE - CLD) [1 + aD(aE)*} Tr(Mp)

+(aU — aD) [1 + aD(aU)*] |:3 Tr(M%) -2 Z(M(Q])kkK]:3Kk3:| }‘ . (32)
k

In figure 2, we show the reduced coupling, k3, in the leading log approximation as
a function of the free parameters aV, a” and |cos(f — a)|. We extend the plots up to
|cos(8 — )| ~ 0.3, consistent with the present measurement of the Higgs couplings to WW
and ZZ. The two upper panels are obtained using the leading log approximation; the two
lower ones using the full RG running. We take real values for aV, a” to present the leading
log results. Generic complex coefficients are employed in parameter scans obtained with
the full running. In the left upper panel, we show the reduced coupling as a function of a¥
and a”, having fixed |cos(3 — a)| = 0.05. In the right upper panel, we show the reduced
coupling as a function of |cos(3 — a)| and a?, having fixed a¥ = 0.1. In the two panels, we
show in blue the contour x; = 1.3, that roughly corresponds to the present 3¢ bound, as
measured by the LHC combining ATLAS and CMS Run I data [3].2° The pink regions of
figure 2 illustrate that values for |cos(8 —a)| ~ O(0.1) are still allowed for sizable values of
a® of 0(20). Furthermore, the shape of the constraint is quite different, if compared to the
shape obtained for the (cos(8 — «), tan 8) plane in the Type I and II 2HDM [61, 62]. The
corresponding results obtained using the full RG running are shown in the lower panels.
Note that the bounds on the parameter spaces (|aV|, |a”|) and (|cos(3 — )], |a”]) are
slightly weaker as compared to the leading log results.

It is interesting to investigate the Higgs flavor violating couplings in the regions of
parameter space favored by the LHC measurements of the SM Higgs rates. The decay to
a bottom and a strange quarks is the dominant flavor violating Higgs decay in our model.
However, we have checked that the corresponding branching ratio can be at most at the
few per-mille level. Numerically, this is similar to the result for BR(h — bs + b3) obtained
by ref. [63] in a Type I and Type II 2HDM due to charged Higgs loop contributions to the
decay amplitude.

9Note that #; should not be confused with the matrices s (F = U, D, E) defined in egs. (2.20) and (2.21).
20Under the assumption of no decay modes of the Higgs boson beyond the SM and no non-SM particles
in the loop, ref. [3] obtains xp = 0.6775:22.
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Figure 2. Prediction for the SM-like Higgs coupling to bottom quarks, normalized to the SM
prediction, rp, as a function of a¥ and a®, having fixed | cos(8 — )| = 0.05 (left panels) and as a
function of | cos(8 — a)| and a”, having fixed a¥ = 0.1 (right panels). The top panels exhibit the
leading log predictions. The dotted line corresponds to the SM value, k, = 1. The gray shaded
regions produce Landau poles in the Yukawa couplings below Mp. The pink shaded region is favored
by the LHC measurements of ;. The bottom panels show the corresponding results obtained via
scanning the parameter space and using the full RG running. In the bottom left panel, yellow, red,
green and blue colors correspond to values of x; in the ranges < 0.5, [0.5,1.3], [1.3,2] and > 2,
respectively. Here, the boldfaced number represents the 30 experimental upper bound of k;. All
points shown correspond to parameter regimes where Landau poles are absent [cf. figure 1]. In the
bottom right panel, the gray shaded region produces Landau poles in the Yukawa couplings below
Mp; the pink shaded region contains points favored by the LHC measurements of k.

- 29 —



3.2 Flavor-changing top decays

We calculate the branching ratios for the decays t — u;h (u; = u, c¢) arising from misalign-
ment generated via radiative corrections during RG running. This is in contrast to the
analysis of ref. [64] where flavor alignment is assumed to hold at the electroweak scale, in
which case only charged Higgs loop diagrams contribute to the top flavor changing decays,
leading to a BR(t — u;h) that depends strongly on the value of the charged Higgs mass. In
this subsection, we show how the charged Higgs contributions compare to the those arising
in our model due to tree-level flavor changing top couplings.

Following ref. [65], we employ the leading order formulae for both t — Wb and t — u;h
decay rates, assuming the top quark decay width is dominated by the SM value of I'(t —
Wb). In addition, we include the NLO QCD correction to the branching ratio,

v? (1 — mj/mi)?

BR(t — u;h = cos?(B—a)(|p% >+ p%|?

j QD (3-3)

where ngcp = 14-0.97as ~ 1.10. The flavor violating branching ratios scale with the second
power of cos(— ), and thus suppressed in the cos(8—a) = 0 limit. The couplings p% and
pg; can be easily extracted in the leading logarithmic approximation from eq. (2.74). Generi-
cally, the decay into a charm and a Higgs boson has a O(10?) larger branching ratio than the
decay into an up quark and a Higgs boson since in the leading logarithmic approximation,

2
BR(t = ch) _ o5 + 051> 1o51° | Ke

BR(t = uh) — |p%l2+ 0512 16512 | K

(3.4)

In the top panel of figure 3, we show the leading log results for the branching ratios,
as a function of the two alignment parameters at the high scale, a¥ and a”, having fixed
|cos(8 — a)] = 0.2. Gray and pink shaded regions correspond to the region producing
Landau poles in the Yukawa couplings below the Planck scale Mp, and to the region favored
by the LHC measurements of kj, respectively. Branching ratios larger than ~ 10710 for
ch and ~ 1072 for uh cannot be reached, while being consistent with Higgs coupling
measurements and with the requirement of no Landau poles below Mp. For comparison,
we also show our results obtained scanning the parameter space and using the full RGEs
(see the bottom panels of figure 3). Comparing the upper and lower panels of figure 3,
we note that the agreement between the prediction at leading log and the full numerical
results is less accurate at larger values of the alignment parameters |aV| and |a”], as
expected. Values of the branching ratios as large as ~ 3 x 107 (~ 3 x 1079) for t — ch
(t — wh) can be reached, while satisfying the condition due to the absence of Landau
poles (see the blue points). However, the majority of points with BR(¢ — ch) > 1078 and
BR(t — uh) > 10719 also produces too large a deviation from SM behavior of the Higgs
coupling to bottom quarks. We have checked that the largest branching ratio compatible
with Higgs data is at around 10~7 for ¢t — ch and at around 10~° for ¢t — uh.

These numbers should be compared with the corresponding contributions to flavor-
changing top decays from charged Higgs loop diagrams, which are present in all 2HDMs,
and are generated by flavor-changing charged Higgs interactions induced by CKM mix-
ing [64, 66]. Based on the discussion of ref. [64], we see that in the case of light charged
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Figure 3. Tree-level contributions to top flavor changing decays assuming that | cos(8 — «)| = 0.2.
Top panels: we use the leading log approximation to obtain 103x BR(t — ch) [left panel] and 10°x
BR(t — uh) [right panel]. The gray shaded region produces Landau poles in the Yukawa couplings
below Mp. The pink region is favored by the LHC measurements of k; (see section 3.1). Bottom
panels: we exhibit the corresponding results obtained via the full RG running. Yellow, red, green
and blue colors correspond to branching ratios < 107!, [107 —10719], [10719 - 1078], > 1078
for t — ch [left panel], and to branching ratios < 10713, 10713 —10712], [1072 - 10719], > 1010
for t — hu [right panel].

Higgs bosons (mpy+ < 200GeV) and hHTH™ couplings as large as allowed by hy~y con-
straints, these latter contributions can be as large as O(1078) and therefore comparable to
those arising from the tree-level htu; coupling induced by RG-running in the A2HDM.

When compared to the BR(t — ch)sy ~ 3 x 1071, BR(t — uh)sm ~ 2 x 10717 as
calculated in the SM by refs. [67-70], the 2HDM in general and the A2HDM in particu-
lar exhibit the possibility of a significant enhancement of the branching ratios for flavor-
changing t — wu;h decays. However, both tree-level flavor changing effects and loop-level
effects mediated by the charged Higgs boson are generically too small to be probed by the
LHC and future colliders.
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Searches for top flavor changing decays have been performed by the ATLAS and CMS
collaboration using Run I data [71-73|, and constrain the branching ratios to BR(t —
u;h) < 0.42% (see also [74] for a discussion of the most recent experimental results on
top flavor changing decays). Projections for the HL-LHC show that the bounds on the
branching ratios will likely be at the 10~ level [75, 76]. Hence, it will be very challenging
to probe our model at the LHC using top flavor changing decays. FCC estimations show
that branching ratios as small as ~ 10~7 could be probed with 10 ab~! luminosity [77].
From these numbers, we can conclude that Higgs coupling measurements typically give
(and will give) a better probe of our model, since the region of parameter space predicting
more sizable top flavor violating branching ratios, also predict large and measurable effects
in the Higgs coupling to bottom quarks.

3.3 Phenomenology of the heavy Higgs bosons

As pointed out in ref. [78], the 2HDM with flavor alignment imposed at the electroweak
scale predicts a rich and novel phenomenology for the heavy Higgs bosons that is strikingly
different than that of the 2HDM with Type I, II, X or Y Higgs-fermion Yukawa couplings.
The phenomenology is even more diverse if flavor alignment is imposed at the high scale.
For example, the heavy Higgs decay to quarks is flavor non-universal (i.e., the ratios,
YHd;d; /Md; and Yy, /My, are no longer independent of the flavor ¢). Moreover, flavor
changing heavy Higgs decays, which are generated at the loop-level due to the quark
flavor-changing charged Higgs interactions [63, 66|, receive an additional contribution from
tree-level flavor-changing neutral Higgs interactions. In contrast to the flavor-changing top
decays discussed in the previous section, these features are not suppressed in the limit of
cos( — a) = 0, where the couplings of h coincide with those of the SM Higgs boson. This
is exhibited by the tree-level partial widths of the heavy Higgs bosons to up and down
quarks, which are given by

3G ANNELAN
T(H = f,fi) = — 2 IR o — €655t 1— : 3.5
( fzfz) 4\/57_‘_7”H7nfZ e<cﬁ a — €638 aHE?) ( m%{) ( )

pii'\ 2 am2 \ /2
+Im CB—a — 6685_06% 1-— 2fi s
K miy

Fw%ﬁm:nH%EMZ;;

1/2
my, — My, 2 mi + m?j i 4m?cz'm?cj . .
X [1—{—— 1-— 5 — 7} (i # j).

mp

miv? x 53107 + 1) (36)

Henceforth, we shall set cos(8 — «) = 0, which automatically avoids constraints from
the measured Higgs boson couplings. In the leading log approximation with real values
of a” and a¥ assumed, the second term of eq. (3.5) can be neglected since Im(p?) =0
[cf. egs. (2.74) and (2.75)].

In figure 4, we show the leading log predictions for the most interesting branching

U

ratios (bb, tt, 7777, bs + 5b) as a function of the two alignment parameters a¥ and a”,
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Figure 4. Leading log prediction for the branching ratios of the heavy Higgs boson, H, with fixed
tan 8 = 10, cos(8 — ) = 0, and mpy = 400 GeV. The blue contours in the upper left and lower
panels represent the prediction of a Type IT 2HDM. The gray shaded regions produce Landau poles
below the Planck scale A = Mp. The blue shaded regions have already been probed by the LHC
searches for heavy scalars.

where we have fixed tan 8 = 10 and my = 400 GeV. In the two panels, we only show
positive values of a”, since the results are symmetric under (a”,a") <+ (—a?, —aY). For
the predictions of BR(H — bs + 5b), we do not include loop contributions involving the
charged Higgs boson. These latter contributions have been examined in refs. [63, 66]
and have been shown generically to be considerably smaller than the corresponding tree-
level flavor violating Higgs couplings. The left upper panel shows that in our model,
especially at sizable values of the alignment parameters, the Type I and II 2HDM relation,
BR(H — bb)/BR(H — 7777) = 3mZ/m?2, is violated. In particular, our model typically
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Figure 5. Branching ratios of the heavy Higgs boson, H, obtained by scanning the pa-
rameter space and using the full RG running, with fixed cos(f — «) = 0, tang = 10,
and my = 400GeV. The yellow, red, green and blue points correspond to: upper left
panel, BR(H — bb)m2/BR(H — 7+77)3m2 < 1,[1,10],[10,100],> 100; upper right panel,
BR(H — bs + b5) < 0.0005,[0.0005,0.01],[0.01,0.1],> 0.1; lower left panel, BR(H — ft) <
0.01,[0.01,0.06], [0.06,0.5], > 0.5; and lower right panel, BR(H — bb) < 0.1,[0.1,0.8],[0.8,0.98], >
0.98. In boldface we denote the value of the branching ratios predicted by a Type II 2HDM with
fixed tan 8 = 10. The parameter regime with |ap| 2 30-40 and |ay| < 0.1 has been eliminated
after taking into account the LHC search for heavy Higgs bosons decaying into bb [79].

predicts a smaller ratio at small values of a”, and therefore the 777~ mode is expected to
be even more sensitive than bb relative to that of the Type I or II 2HDM. For a” > 5, the
hierarchy is reversed, resulting in a larger BR(H — bb) as compared to BR(H — 7F77).
Furthermore, the model can predict a non zero decay rate of the heavy Higgs to a bottom
and a strange quark (see the right upper panel of figure 4). However, the branching ratio
predicted in the leading log approximation is at most of order a few percent at large values
of a? in the regions of the parameter space without Landau poles.

Note that the branching ratios into third generation quarks are different as compared
to the Type II 2HDM. In the latter, BR(H — bb) ~ 80% and BR(H — tt) ~ 6%, for
tan 8 = 10. For comparison, we present the branching ratios into ¢f and bb in the lower left
and lower right panels of figure 4. The behavior of the two plots is similar: at small values of
aV (aP) the tt (bb) branching ratio is smaller than the one predicted by the Type IT 2HDM
(see the blue contours in the two plots); the branching ratio can even vanish for particular
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choices of the alignment parameters a¥ and a”. Larger values of the branching ratio are
predicted for sizable values a¥ > 0.035 (a® > 7). As a byproduct, the ratio of branching
ratios BR(H — bb)/BR(H — tt) differs from the predicted value of the 2HDM with either
Type I, II, III, or IV Yukawa couplings. In particular, the A2HDM generically breaks the
relation BR(H — bb)/BR(H — tt) ~ m? tan? 3/m?, which is valid in the Type I 2HDM in
the limit cos(5—a) = 0. The branching ratios of a Type II 2HDM are recovered by choosing
aV = +1/tan 8 = £1/10 and a” = Ftan = F10, as discussed at the end of section 2.3.

The ATLAS and CMS collaborations have performed several searches for heavy Higgs
bosons decaying into a fermion pair: bb [79], 7H7~ [80, 81], utu~ [82, 83], and #t [84].
In a Type II 2HDM, 777~ searches are the most important ones in constraining regions
of parameter space at sizable values of tan 3. Searches for bb can only set weaker bounds
in that scenario. However, as discussed e.g. in ref. [85], 2HDMs with a Yukawa texture
different from Type II can be best probed by bb searches. In fact, for tan3 = 10 and
cos( — a) = 0, only the CMS search for pp — b(b)H, H — bb, performed with 8 TeV
data [79], can probe sizable regions of the parameter space of the A2HDM (see the blue
shaded region in figure 4 at large values of a” and the corresponding parameter regime
of figure 5). In the coming years, the LHC will be able to probe complementary regions
of parameter space. In addition to the region at large values of a” best probed by bb
resonance searches, the region at small values of a¥ and a” will be best probed by searches
for 777~ and ptu~ resonances; and the region at small values of a”, but sizable values of
aV will be best probed by #t resonance searches.

For comparison, we show in figure 5 the corresponding results obtained through the
scanning of the parameter space and the running of the full RGEs. Qualitatively, figure 5
shows a similar parameter dependence as the one obtained in the leading log approximation.
Numerically, some branching ratios can be quite different, especially in the regime of sizable
alignment parameters. In particular, BR(H — bs+ b3) can reach values as large as ~ 10%.

4 Predictions of the model for low energy processes

As we discussed in section 2.7, the A2HDM is a particular type of 2HDM with Minimal
Flavor Violation. As such, it predicts interesting effects in low energy flavor observables,
e.g., in meson mixing and in B meson rare decays. In this section, we shall discuss the pre-
dictions of our model for these low energy processes and the corresponding constraints. We
shall focus on those observables that receive tree-level Higgs contributions, with particular
attention to meson mixing, B — u*p~, and B — Tv.

The lepton universality ratios, BR(B — D"~ )/BR(B — D®/(~7), for £ = e, p,
are also notable, especially in light of the early BaBar measurements that yield a combined
3.40 deviation from the SM predictions [86, 87]. This anomaly is not inconsistent with
subsequent Belle and LHCb measurements, even if with a smaller significance [88-91].
Additional data are required to clarify the implications of these measurements and to
determine whether new physics beyond the SM is required. If this anomaly persists, New
Physics models need (relatively large) H¥crbr and H cgby, couplings of the same order
and opposite sign (with ¢%. ,/m%. ~ 1/TeV?), as shown in ref. [92]. This is rather
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challenging to achieve in our model while being consistent with the other flavor bounds. A
more detailed examination of these channels will be left for a future study.

In principle, loop induced decays (which typically include contributions from the
charged Higgs boson) can also set stringent constraints on the allowed regions of the
(mpg+ , tan 8) parameter plane [93]. For example, in the Type IT 2HDM the charged Higgs
should be heavier than 580 GeV [21] to be in agreement with b — sy measurements (cf. foot-
note 2). Moreover, going beyond the Type II 2HDM, the b — s bound depends not only
on the charged Higgs mass, but also on the values of ¥ and a”, on other non-SM-like Higgs
boson masses, as well as on potential contributions of New Physics particles in the loop.
Such constraints merit further investigation. However, the analysis of this section focuses
on parameter regimes in which tree-level Higgs-mediated FCNC effects dominate over com-
peting one-loop contributions. For this reason, we do not consider further the constraints
from b — sy (which can be avoided for sufficiently heavy Higgs masses) in this paper.

4.1 Meson mixing

Higgs mediated contributions to neutral meson mixing (Bgs-Bas, K-K and D-D mixing)
arise in our model. Integrating out the three neutral Higgs bosons, we obtain the following
dimension six effective Lagrangian describing Bs; meson mixing

Log = CQ(ERSL)Q + C'Q(BLSR)2 + C4(BR$L)((_)LSR) + h.c., (4.1)

with Wilson coefficients,

Cy = (p2)? <sin2(ﬁ2— a) N COSQ(BQ— a) B 12) 7 (4.2)
4 miy my, my
C~’2 _ (pQDf)Z <sin2(62— a) + COS2(52_ 04) . 12> ’ (4.3)
mi my, LU
o, _ PR)E) <Sin2<52_ W) cosi(Boa) 12> , (4.4)
2 my my My

and corresponding Wilson coefficients for By, K, and D mixing.

In the case of degenerate heavy Higgs bosons and in the limit cos(8 — «) = 0, only Cy
contributes to meson mixing. In this limit, we expect small Wilson coefficients at leading
log, since as discussed in section 2.6, |(p?)ij| oc m;/v and therefore |(p?);;| < |(pP);il, for
i < j. The Wilson coefficients are also relatively small away from the exact cos(f —a) =0
and m4 = my limit. More specifically, Co and Cs will be non zero, but suppressed by
the combination of masses and mixing angles shown in egs. (4.2) and (4.3), respectively.
In the following, we will show the numerical results obtained for cos(f — «) = 0 and
ma = my = 400 GeV. However, we have checked that the constraints on the parameter
space do not change considerably by taking small but non-zero values for cos( — «).

We apply the bounds of ref. [94] on the Cy Wilson coefficient (ref. [95] shows slightly
stronger constraints). The leading log results for B,, By, K, and D mixing are shown
in the left panel of figure 6. The dark purple region is favored by the measurement of
B; mixing, the purple region by B, mixing, the dark pink region by CP violation in the
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Figure 6. Bounds from meson mixing observables. Left panel: experimentally preferred regions,
as computed in our model in the leading logarithmic approximation. The dark purple region is
favored by the measurement of B, mixing, the purple region by By mixing, and the dark pink
(pink) region by the phase (mass difference) of the Kaon mixing system. D meson mixing does
not give any interesting bound on the parameter space and it is not shown in the figure. Right
panel: the corresponding bounds from B mixing obtained by scanning the parameter space and
using the full RG running. The yellow, red, and green points correspond to a Wilson coefficient of
< 1/3,[1/3,1], > 1 relative to the value that yields the present bound from By mixing.

Kaon mixing system, and the pink region by the K-K mass difference. D mixing does
not give any interesting bound on the parameter space and is therefore omitted in the
figure. By mixing leads to the most stringent bound and it constrains a” to be smaller
than ~ 4.7 at sizable values of aV. Additionally, the bound from the measurement of CP
violation in Kaon mixing (dark pink) is significantly more stringent than the bound from
the mass difference of the Kaon system (in pink). This is due to the fact that the real
and imaginary parts of the Wilson coefficient of the Kaon system have a similar magnitude
(under the assumption that aV and oP are real). In particular, the ratio of the imaginary
and real parts of the Wilson coefficient is directly related to the phase of the CKM matrix:
Im(CK)/Re(Cf) = Im((K3)2K2,)/Re((K3y)2K3,). In contrast, the SM Wilson coefficient
has an imaginary part that is much smaller than the real part. Small differences between
the constraints from CP violation and the mass difference also exist in the By and By
systems. In figure 6, we only show the most constraining bound in each system, i.e. the
mass difference in Bg mixing and the phase in By mixing.

The right panel of figure 6 shows the corresponding results for the B, mixing system
obtained by scanning the parameter space and using the full RG-running. The points
in yellow have a Wilson coefficient smaller than 1/3 the present bound on the Wilson
coefficient; in red we present the points with a Wilson coefficient smaller than the present
bound, and finally in green we present the points that have been already probed by the
measurement of the B, mixing observables. In the limit of sizable aV > 0.7, we do not find
points with a” > 4, in rough agreement with the leading log result.
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4.2 Bgq— ptp~ decays

The B-meson rare decays Bsq — {14~ receive contributions from the exchange of the
Higgs bosons H, A and h at tree-level. This is in contrast to the numerical analysis of
ref. [96], where the flavor misalignment at the electroweak scale is set to zero. The neutral
Higgs exchange contributions to the leptonic decay amplitude are proportional to m, and
hence are largest in the case of Byy — 7777. However, it is more difficult to tag the 7
decay to jets and leptons at the LHC and B-factory detectors, as compared to muons. For
this reason, the present LHCb bounds [97], BR(Byg — 7777) < 3 x 107 (1.3 x 1073),
are relatively weak as compared to the SM prediction [98],

BR(By(q) = 777 )sm = (7.73 £ 0.49) x 1077 ((2.224£0.19) x 107%) . (4.5)

At sizable values of tan 3, the main contributions to Bs4 — utu~ are typically due to
H and A exchange, as they are enhanced by the second power of tan 8. Furthermore, in
the cos(8 — a) = 0 limit, the light Higgs (h) contribution vanishes at tree-level. For this
reason, we shall focus henceforth on the heavy Higgs contributions that are given by [99],

2\ 2
2) <1+ys dRe(Ps,d) Re(ss,d)> < 1 ), (46)
’ |Ss,d|2 + |Ps,d|2 1+ys,d

where BR(B; 4 — u" 1™ )sm is the SM prediction for the branching ratio extracted from an

BR(Bsq — pp™)

~ (1S54 +|P
BR(Bsq — p 1~ )sm (15sal™+1Psa

untagged rate. In particular, ys = (6.1 £0.7)% and y4 ~ 0 have to be taken into account
when comparing experimental and theoretical results, and

_ mB,, (Cﬁd — C’gd) 4mi
my Clos.d MpB, 4
P P
P 4= mBs,d (Cs,d - C{G,d) (Cslgl - Cio s,d) (4 8)
E SM SM )
2my ClOs,d Cio s,d

The C; are the Wilson coefficients corresponding to the Lagrangian

L= Z(CiOi + CI0}) + h.c., (4.9)
with operators
ns — M o 7,
O = 5Py, )(i1), (4.10)
OVP = ™ (5Ppyb)(770), (4.11)
mp,
01, = (59 Prmb)((r"7°0), (4.12)

and the corresponding ones for the B, system. In the limit of cos(8 — «) = 0, the Wilson
coefficients arising from heavy neutral Higgs exchange are given by

D Dx
MmB; P32 My 1 s MBs P32 M 1

C’P [ =2 __“ tan —, C = — —=2£ __~ tan —5 4.13
my 2 v /Bmi s my /2 v ﬁm%] (4.13)

D D

mMpB, P23 My 1 P 1S mp, Pa3 My 1 s

CFr = 2B Tl f— < CF, 0¥ = B T an — < CF, 4.14
s my /2 v anﬁmi s s my /2 v anﬁm% ® ( )
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and the analogous results for the By system. There are no tree-level New Physics contri-
butions to the (’)gg operators.

If cos(B — a) is nonvanishing, then the scalar Wilson coefficients C? and C’° given
in eqgs. (4.13) and (4.14) due to H exchange should be changed accordingly, tan —
sin(8 — a)tan 8 + cos(8 — ) and pP? — pPsin(B — a). Moreover, an additional set of
contributions arise due to h exchange; the corresponding contributions are obtained from
C? and C”° given in egs. (4.13) and (4.14) by making the following replacements, tan 3 —
sin(f — a) — cos(B — a) tan 3, pP — —pP cos(f — a) and myg — my,.

The SM Wilson coefficient takes the form [100],

€2 AGp

Clsévé,d =-4.1 167T2 \/Q KtbKt*(&d) ) (415)

and the predicted branching ratios are given by

BR(Bs — utp )sm = (3.65+0.23) x 1077, (4.16)
BR(By — p 1 )sm = (1.06 £ 0.09) x 10719, (4.17)

as obtained in [98] with the inclusion of O(ae,) and O(a?) corrections. These values are
in relatively good agreement with the experimental results. The combination of the LHCb
and the CMS measurements at Run I for the By and B, decays to muon pairs are [101]:

BR(Bs — ' p™) = (2.8708) x 107, (4.18)
BR(By — ptp™) = (3.9719) x 10710, (4.19)

Note the much larger uncertainty in the latter decay mode.

The ATLAS collaboration has also reported a Run I search for B, — pu*p~, which
yielded BR(Bs — ptpu~) = (0.9758) x 1072 [102], although this measurement is not yet
competitive with eq. (4.18). Very recently, LHCb reported a new measurement for By 4 —
pt ™ using Run IT data [103]. Their result, BR(Bs — utp~) = (2.8 £ 0.6) x 1077, agrees
very well with the LHCb and CMS combination quoted in eq. (4.18). In contrast, the new
LHCb B, measurement is closer to the SM prediction, BR(B; — putp~) = (1.675:5)x 10710,
In the following, we will compare the predictions of the A2HDM with the LHCb and CMS
combination shown in egs. (4.18) and (4.19). In the coming years, the two branching ratios
will be measured much more accurately by the LHC. In particular, the By and By branching
fractions will be measured by each experiment with a precision of ~ 13% and ~ 48% at
Run-III, improving to ~ 11% and ~ 18%, respectively, at the HL-LHC [104].

In figure 7, we show the constraints from the measurement of Bs — utu~ (left panel)
and By — ptp~ (right panel) as functions of a¥ and a”, with fixed tan 8 = 10, ex = +1][see
eq. (2.59)],%! cos(B — a) = 0, and m4 = mpy = 400 GeV, based on the leading logarithmic
approximation. The pink shaded region denote the parameter space favored by the CMS
and LHCb combined results at the 20 level, namely

BR(Bs — ptp™) BR(Bg — putu™)
BR(Bs — ptu=)sm BR(Bg = ptu=)sm

c [0.4,1.1], c [0.8,6.6). (4.20)

2 Fixing a different sign, eg = —1, leads to the same results, with the exchange (a¥,a”) — (—=a¥, —a
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Figure 7. Leading log prediction for the branching ratios for By — p™u~ (left panel) and By —
putp~ (right panel) relative to the SM, as a function of a¥ and a”, with fixed tan 8 = 10, cos(8 —
a) = 0, and myg = my = 400GeV. The regions in pink are allowed at the 20 level by the
present measurements. The purple shaded regions are anticipated by the more precise HL-LHC
measurements, assuming a measured central value equal to the SM prediction. The gray shaded
regions produce Landau poles in the Yukawa couplings below Mp.

The purple shaded region in figure 7 is the parameter space favored at 2¢ by the HL-LHC
measurement, assuming a measured central value equal to the SM prediction. Comparing
the region in pink to the region in purple, one can get a sense of the improvement the HL-
LHC can achieve in testing our model. The expected experimental error at the HL-LHC
is comparable to the present theory error. For this reason, an additional improvement
can be achieved via a more precise calculation of the SM prediction for the two branching
ratios, with the benefit of more accurate measurements of the CKM elements that will be
obtained at the LHCb and at Belle II in the coming years.

The present measurement of B, — 'y~ constrains sizable values of ¢V and o in
our model. The measurement of By — p™ ™ also sets an interesting constraint at smaller
values of |aP| (cf. the white region where [aP| ~ 3 and the values of |aV| are sizable),
since the central value of the measurement is larger than the SM prediction: BR(B; —
W exp/BR(Bag — utp™)sm ~ 3.7. However, the deviation from the SM prediction is
not yet statistically significant, due to the large experimental uncertainty. Nevertheless, a
sizable suppression of the By decay mode is presently disfavored. As expected, the contours
for BR(Bsq — p 117 )/BR(Bsqg — pp™ )swm in the two panels of figure 7 are very similar.
This is due to the fact that our model is a particular type of MFV model in the leading
logarithmic approximation [cf. section 2.7]. In particular, MFV models generically predict
BR(By — ptp”)/BR(Bs = putu™) ~ BR(By — ptp”)sm/BR(Bs — ptp™)sm, with
corrections arising only from ms/my and mg/my terms. For this reason, it is difficult in
our model to enhance one decay mode, while suppressing the other.
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Figure 8. Leading log prediction for the branching ratios for By — putpu~ (left panel) and By —
ptp~ (right panel) relative to the SM, as a function of M (the mass of the heavy scalar and
pseudoscalar) and a?. We fix tan 8 = 10, aV = 0.2, and cos(3 — a) = 0. The pink regions are the
regions allowed at the 20 level by the present measurements. The purple regions are anticipated
by the more precise HL-LHC measurements, assuming a measured central value equal to the SM
prediction. The gray shaded regions produce Landau poles in the Yukawa couplings below Mp.
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Figure 9. The branching ratio for By — putu~ (left panel) and for By — uTp~ (right panel)
relative to the SM, obtained via scanning the parameter space and using the full RG running, at
fixed tan 8 = 10, cos(8 — ) = 0, and my = mpg = 400 GeV. The yellow, red, green and blue points
corresponds to branching ratios normalized to the SM prediction < 0.4,[0.4,1.1],[1.1,10], > 10.
In boldface we denote the range preferred by the LHCb and ATLAS measurement of B, — uTu™,
as reported in eq. (4.20).
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It is also interesting to investigate the bounds as a function of the heavy Higgs boson
masses. In figure 8, we show the same constraints in the (M, aP ) plane, where M =my =
mpr, having fixed tan 8 = 10, a¥ = 0.2, and cos( — a) = 0. Sizable regions of parameter
space are allowed, even for values of M as small as ~ 300 GeV. Finally, in figure 9, we
show the results obtained through scanning the parameter space and utilizing the full RG
running. These plots are qualitatively similar to the contour plots of figure 7 obtained in
the leading logarithmic approximation, although the heavy Higgs exchange contributions
to the By s — ptp~ decay rates computed using the full RG running are somewhat larger
(at large alignment parameters) than the corresponding leading log results.

4.3 B — Tv decays

The leptonic decays B — fv are interesting probes of the Higgs sector of our model and
particularly of the charged Higgs couplings, since the charged Higgs boson mediates tree-
level New Physics contributions to these decay modes. The 7 channel is the only decay
mode of this type observed so far. The present experimental world average is [105]2

BR(B = TV)exp = (1.06 £ 0.19) x 1074 (4.21)
and is in relatively good agreement with the SM prediction [106]%3

BR(B — 1v)sm = (0.84875:025) x 1074, (4.22)
In our model, the New Physics contribution to this decay reads

BR(B ) _ |, mj cw — cub|?

4.23
BR(B — 7v)sm mym, Cé‘f\’/[ ’ ( )

where we have defined the SM Wilson coefficient Cgb = 4GrK/V?2 and C’I%LIZ L) are the
Wilson coefficients of the (9%’( L= (aPg(1yb)(T PLv;) operators.

In particular [107],

1 LR(RL)V2m,

cw = r tan 3, 4.24
R(L) qu B ub v an f3 ( )
with I‘{f EL) the two charged Higgs couplings H i br, H by, given by
T =" Kuph* TH ==Y Kol (4.25)
i i

This leads to the branching ratio,

BR(B — Tv) m%  wvtanf D o
=1-—=——"—> | Kupsi + Kppi'|| - 4.26
BR(B — Tv)sum mp \@Kubqui Z [ wiP3; + KipPi1 ] ( )

22Updated results and plots available at: http://www.slac.stanford.edu/xorg/hfag.
Z3Updated results and plots available at: http://ckmfitter.in2p3.fr.
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Figure 10. The ratio BR(B — 7v)/BR(B — 7v)gm at fixed tan § = 10 and m g+ = 400 GeV. Left
panel: leading log predictions, where the pink region is favored by the measurement of B — Tv.
The purple region is anticipated by future measurement at Belle II, under the assumption that
the central value of the measurement is given by the SM prediction. Right panel: result of the
parameter space scan, using the full RG running. Yellow, red, green and blue points correspond to
the ratios < 0.2,[0.79,1.71],[1.71, 3], > 3, respectively. In boldface we denote the range preferred
by the present world average for BR(B — 7v).

In the leading logarithmic approximation, the most important contributions come from the
second term of the above expression (oc pL*), as one can easily deduce from eqs. (2.74)
and (2.75).

In figure 10, we show our numerical results as obtained using the leading log ap-
proximation (left panel) and the scan of the parameter space using the full RGEs, hav-
ing fixed mpy+ = 400GeV and tan = 10. A very large region of parameter is still
allowed by the measurement of B — 7v. In particular, in the leading logarithmic ap-
proximation, every value ]aD | <17 is allowed, irrespective of the value of the other align-
ment parameter, a¥. Indeed, in the pink region shown in the left panel of figure 10,
BR(B — 71v)/BR(B — 71v)gm C [0.79,1.71], consistent with the current measurements.
This is no longer the case when we consider the scan based on the full RG-running. In this
case, a few points at large values of |aV| are excluded by the measurement of BR(B — 7v)
(see the blue points in the right panel of the figure). In the left panel of figure 10, we also
exhibit the purple shaded region of parameter space that would be favored by the future
Belle II measurement, under the assumption that the central value of the measurement
is given by the SM prediction for this branching ratio [cf. eq. (4.22)]. The allowed region
of parameter space is expected to shrink considerably, thanks to the anticipated accuracy
of the Belle IT measurement with a total error of the order of ~ 5% [108], leading to an
allowed range, BR(B — 7v)/BR(B — 7v)sm C [0.86,1.14], where we have assumed no
improvement in the SM prediction of this B meson decay mode.
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5 Conclusions

We have explored the consequences of flavor-alignment at a very high energy scale on flavor
observables in the two Higgs doublet Model (2HDM). Flavor alignment at the electroweak
scale generically requires an unnatural fine-tuning of the matrix Yukawa couplings. If
flavor alignment is instead imposed at a higher energy scale such as the Planck scale,
perhaps enforced by some new dynamics beyond the SM, then the flavor misalignment
at the electroweak scale due to RG running will generate new sources of FCNCs. The
resulting tree-level Higgs-mediated FCNCs are somewhat suppressed and relatively mildly
constrained by experimental measurements of flavor-changing observables.

We require that the alignment parameters at the high scale remain perturbative. In
particular, no Landau poles are encountered during RG running. These requirements lead
to an upper bound on the values of the alignment parameters at the Planck scale. This
in turn provide an upper bound on the size of FCNCs generated at the electroweak scale.
The flavor-changing observables considered in this paper that provide the most sensitive
probe of the flavor-aligned 2HDM parameter space are meson mixing and rare B decays
such as Bsg — pp~ and B — 7v. We also considered constraints from LHC searches
of heavy Higgs bosons (the most important of which are searches for pp — b(b)H,H —
bb, 7F77), and measurements of the couplings of the observed (SM-like) Higgs boson. The
most stringent constraint on the flavor-aligned 2HDM parameter space arises from the
measurement of the rare decay By — ptpu™.

We investigated the predictions of the flavor-aligned 2HDM in the regions of the pa-
rameter space not yet probed by the measurements listed above. The top rare flavor
changing decays, t — wh, t — ch, are generated at tree-level. However, once we impose
constraints from Higgs coupling measurements, the predicted branching ratios for these
neutral flavor changing top decays are beyond the LHC reach. Furthermore, the model
predicts a novel phenomenology for the heavy Higgs bosons. In particular, the heavy Higgs
bosons can have a sizable branching ratios into a bottom and a strange quark, and the
ratios, BR(H — t) : BR(H — bb) : BR(H — 777), can be very different, if compared to
the predictions of the more common Type I and IT 2HDMs. These features are exhibited
in our summary plots in figures 11 and 12.

In figure 11, we summarize the constraints on the (a,a”) parameter space, with fixed
tan f = 10 (upper panels) and tan 8 = 3 (lower panels). In both panels, we fix the values
cos(f —a) =0 and my = myg = myg+ = 400 GeV. The region favored by all flavor con-
straints is shown in reddish-brown. At sizable values of a”, the most relevant constraint
comes from the measurement of By — u™p~ (tan region). Bs meson mixing also sets an
interesting bound on the parameter space (blue-gray region). It offers some complementary
with By — pt ™, as it does not depend on the particular value of tan 3. Moreover, it will be
able to probe the small region of parameter space with a¥ > 0 and sizable values of a” fa-
vored by the measurement of By — p ™ in the case of a future measurement with a central
value in agreement with the SM prediction.?* The measurement of B — v imposes only a

24We use the results in [109] for the future prospects in measuring B, mixing, corresponding to the “Stage
II” scenario.
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Figure 11. Summary of the constraints and predictions for the heavy Higgs phenomenology, as
computed in the leading log approximation. We fix cos(f —a) =0, mg = myg = mpy+ = 400 GeV,
tan 8 = 10 (upper panels), and tan = 3 (lower panels). The contours represent the ratio
BR(H — bb)m?2/[BR(H — 7F77)3m2], where 1 is the Type I and Type I1 2HDM prediction. The
reddish-brown regions are favored by all flavor constraints. The green region is favored by the
measurement of B — 7v. Blue-gray and tan regions are favored by B, mixing and B, — uTu~,
respectively. The gray shaded regions produce Landau poles in the Yukawa couplings below Mp.
The left and right panels represent the bounds as they are now and as projected for the coming
years, as detailed in section 4.
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Figure 12. Result of the parameter scan using full RG running, with fixed msy = myg = mpy+ =
400 GeV, cos(f — a) = 0, and tanS = 10. Blue points correspond to points allowed by the
measurement of B — 7v, but not by the measurement of B, mixing or B, — u™u~. Green points
are allowed by the measurements of B — 7v and of meson mixing but not by B, — putu~. Red
points are allowed by all constraints. The left and right panels represent the bounds as they are now
and as projected for the coming years, as detailed in section 4. In the solid white region, Landau
poles in the Yukawa couplings are produced below Mp.

relatively weak constraint on the parameter space (green region). For values of tan 8 = 10
(or larger), in the region of parameter space favored by present and future flavor constraints,
the ratio m2 BR(H — bb)/3m? BR(H — 7777 is smaller than the ratio predicted by Type
I and IT 2HDM in most of the Aligned 2HDM parameter space. The parameter space is
somewhat less constrained at lower values of tan 3, as shown in the lower panels of figure 11.

In figure 12, we present the corresponding results obtained in the numerical scan
with full RG running, with fixed cos(f — a) = 0, mq = myg = my+ = 400GeV, and
tan 8 = 10. The qualitative features of the leading log approximation continue to hold. In
particular, we again see that By — u™p~ provides the most stringent constraint on the
aligned 2HDM parameter space. Note that in order to emphasize the comparison of the
constraints obtained from the different B physics observables in figures 11 and 12, we do
not include the constraints due to the LHC searches for the heavy Higgs bosons decaying
into fermion pairs in these figures. As shown in figures 4 and 5 for the heavy Higgs mass
values quoted above, in the region of the Aligned 2HDM parameter space consistent with
no Landau poles below Mp, the current LHC limits on H and A production eliminate the
parameter regime with |ap| 2 3040 and |ay| < 0.1.

In considering the phenomenological implications of extended Higgs sectors, the most
conservative approach is to impose only those constraints that are required by the cur-
rent experimental data. In most 2HDM studies in the literature, the Yukawa couplings
are assumed to be of Type I, II, X or Y. In this paper, we have argued that the current
experimental data allows for a broader approach in which the Yukawa couplings are ap-
proximately aligned in flavor at the electroweak scale. The resulting phenomenology can
yield some unexpected surprises. We hope that the search strategies of future Higgs studies
at the LHC will be expanded to accommodate the broader phenomenological framework
of the (approximately) flavor-aligned extended Higgs sector.
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A Review of the Higgs-fermion Yukawa couplings in the Higgs basis

In a general 2HDM, the Higgs fermion interactions are governed by the following interaction

Lagrangian:2®

— —0 —0
- KX =Q" (I’anaU’O Up+Qr ‘Pa(nz?’O)TD% + By, ‘I’a(ﬁg’o)T E% +h.c., (A1)

summed over a = a = 1,2, where ®1 9 are the Higgs doublets, ®; = ioo®}, % and E% are
the weak isospin quark and lepton doublets, and UI%, D%, E% are weak isospin quark and
lepton singlets.?6 Here, QOL, E%, UI%, D%, E% denote the interaction basis states, which
are vectors in the quark and lepton flavor spaces, and ng ’0, nf ’O, nf 0 are 3 x 3 matrices in
quark and lepton flavor spaces.

Note that ng 0 appears undaggered in eq. (A.1l), whereas the corresponding Yukawa
coupling matrices for down-type fermions (D and E) appear daggered. In this convention,
the transformation of the Yukawa coupling matrices under a scalar field basis change is
the same for both up-type and down-type fermions. That is, under a change of basis,
¢, — U,;®p (which implies that y — &)BUJEL), the Yukawa coupling matrices transform as
nt — Ugnf’ and nkt o 171—5J TUJ@ (for F = U, D and E), which reflects the form-invariance
of A under the basis change.

The neutral Higgs states acquire vacuum expectation values,

v
Pl = 2 A2
(@) = 72 (A2)
where 0,0; = 1 and v = 246 GeV. It is also convenient to define
’lf)b = {}(fzeabv (A?))

where €19 = —eg1 = 1 and €17 = €99 = 0.

#We follow the conventions of ref. [39], in which covariance is manifest with respect to U(2) flavor
transformations, ®, — U,;®s [where U € U(2)], by implicitly summing over barred/unbarred index pairs
of the same letter.

26The right and left-handed fermion fields are defined as usual: ¢r . = Pr,.%, where Pgr, = %(1 +vs).
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Following refs. [37, 39], we define invariant and pseudo-invariant matrix Yukawa cou-
plings,

FO _ ~% F0 FO _ ~% F0
KOV =pm, P =g, (A.4)

where FF = U, D or E. Inverting these equations yields
WP = P08, 1 0, (A5)
Note that under the U(2) transformation, ®, — U,;®s,

xF0 is invariant and p° — (det U)pf0. (A.6)

The Higgs fields in the Higgs basis are defined by H; = 0;®, and Hy = w;®,, which
can be inverted to yield ®, = H10, + How, [39]. Rewriting eq. (A.1) in terms of the Higgs
basis fields,

— A = Q0 (HykY0 4 HypU0) UY + Q) (H1xPOT + HypP0t) DY,
+EYy, (HikP0T 4 H pPOT) B + hc. (A7)

The next step is to identify the quark and lepton mass-eigenstates. This is accom-
plished by replacing H; — (0, v/+/2) and performing unitary transformations of the left
and right-handed up-type and down-type fermion multiplets such that the resulting quark
and charged lepton mass matrices are diagonal with non-negative entries. In more detail,
we define:

PU=VIPU®, PRU=VYPRU", P.D=VPP,D°  PrD=VEPRD",
PLE=VFPLE’, PRrE=VFPRE’, P,N=VFP,N", (A.8)

and the Cabibbo-Kobayashi-Maskawa (CKM) matrix is defined as K = V} fo) "' Note that
for the neutrino fields, we are free to choose V]{V = VLE since neutrinos are exactly massless
in this analysis.?” In particular, the unitary matrices V{" and Vi (for F = U, D and E)
are chosen such that

v .

My = 7 LU/@'U’OV};]T = diag(my, , me, my), (A.9)
Mp = %VLDRD’OTVI?T = diag(mg, ms, my), (A.10)
Mg = LVLEF;E’OTVRET = diag(me , my , ms). (A.11)

V2

It is convenient to define

KU = VLU/QU’OVRUT , KD = VlgﬁD’OVLDT, KE = VI?&E’OVLET , (A.12)

U D E
PV = vV T, pP = VE POV, o = VPOVt (A.13)

2THere we are ignoring the right-handed neutrino sector, which gives mass to neutrinos via the seesaw
mechanism.
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Eq. (A.6) implies that under the U(2) transformation, ®, — U ; Py,
xT s invariant and pf" — (det U)p!", (A.14)
for F = U, D and E. Indeed, s is invariant since eqs. (A.9)—(A.11) imply that

Mp = %HF, (A.15)

which is a physical observable. The matrices pU, pP and pf are independent pseudo-
invariant complex 3 x 3 matrices. The Higgs-fermion interactions given in eq. (A.7) can be
rewritten in terms of the quark and lepton mass-eigenstates,

~ L = UV HY + Y HIYUR — DL KT (sVHT + pV Hy )Ug
+ULK(KPTH + pPTHN) DR + D (P THY + pP THY) DR
+NL (kP TH + pPTHSVERr + Er (kP THY + pPTHY)ER + hec.  (A.16)

B Renormalization group equations for the Yukawa matrices

We first write down the renormalization group equations (RGEs) for the Yukawa matrices
n0 B0 and nE°. Defining D = 1672u(d/dp) = 167%(d/dt), the RGEs are given by [32]:

9 , 17
Dipg =~ (895 +59°+ 129’2> g (B.1)

U,0 D,0 E0 U,0
+{3Tr[nf{’0(ng ) )] + T [ng (o )T]}nb

D,0 U0 Uovt U0 L, Doyt Do 1 vo, Up
—2(n")InP0 $O () (") 00+ Sy () IO

b Na ™ My +na "75 My + 5 775 2 775 Mo’
9 )
Dy =~ (89§ +59°+ 129’2) Ui (B.2)

+{3Tr[(?7,;D NP0+ (7 Y] + Te[(n? ) e ’0]}775 0

1 1
DO U0/, U0 D0, D,0 , 0,.U0, U0 0/, D0\t D0
=20, 0 () b, 0 (g 20+ S 0m P () T o0 () g,

2 2
9 15 D0 U,0 E,0 E,0
an’0=—<492+49’2>775’°+{3TY[(% )nZ0 + ()l 0] + T [, ) 0 0] b,
1
E0. E0 , 07, E0\t _E0
() g+ ey oy (B.3)

The RGEs above are true for any basis choice. Thus, they must also be true in the
Higgs basis in which ¢ = (1,0) and @ = (0, 1). In this case, we can simply choose nf’o = xF0
and 772F 0 = pF0 to obtain the RGEs for the 9 and pf0. Alternatively, we can multiply
egs. (B.1)~(B.3) first by ¢ and then by ;. Expanding 7}, which appears on the right-hand
sides of egs. (B.1)-(B.3), in terms of x! and p' using eq. (A.5), we again obtain the RGEs for
the k0 and p™0. Of course, both methods yield the same result, since the diagonalization
matrices employed in egs. (A.9)—(A.11) 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.
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1
DrUO=— <8g§+292+1;g’2> U0+ { 3Tr [/@U’OKU’OT—H;D’ORD’OW +Tr [/iE’O/@E’OT] } xU0

{STr[ U0 jU0t 41 D:0 D, OT]—i—Tr[ E,OpE,OT] }pU,O_2(KD,OT&D,OHU,O_FpD,OTKD,OpU,O)

1
I{U’O(I{U’OTI{U’O pU,OTpU,O) 5 (I{D’OTHD’O pD,OTpD,O)KU,O
1
2( U,0 UO]L pUO UOT) (B4)
9 17
DPU’O <89§ Z92 12gl2> pU,O {3TI' [pU’ORU’OT pD’OHD’OT] Tr [pE,OﬁE,OT] }KJU’O

—|—{3Tr [pU,OpU,OT+pD 0,D, oT]+ﬁ[ 0 P, oT] }pU,O_Q(HD,OTpD,OKU,O_i_pD,OTpD,OpU,O)

1
U0 (kU0 LU0 pU0t ;U0 §(HD,OTKD,O D0t ,D,0) ;U0
1
2( U0, U0t on UOT>p (B.5)
9 5
DrPO= <8gs+4g +129 > {3 lr[/ﬁD’OTnD’O—i—/ﬁU’OTnU’O]—i— lr[ﬁE’oT/ﬁE’o}}/ﬁD’o

+ { 3Tr [pD’OT/iD’O—i-pU’OTHU’O] +Tr [pE’OT/{E’O] }pD,O —2(/€D’OI€U’OHU’0T

1
—I—pD’OK,U’OpU’OT)—I—(/{D’OHD’OT—I-pD OpD OT) _{_2,{ O( U,0 UOT_|_IOU0pUOT)
( D,0t DO+pDOTpDO)’ (B.G)
(893+ g + gl2>pD0+{3TI‘[ D,0t DO_|_HU0T UO]—!—TI‘[ E.0f EO]}HD,O

—|—{3Tr [pD,OTpD,O+pU70TpU,O] Tr [pE,OTpE,o] }pD,O_Q(HD,OpUﬂHU,OT_i_pD 0,00 ,U, OT)

1
+(/€D’O/€D’OT+,0D O,OD OT)p +§pD’O(/€U’OKU’OT—|—pU OpUOT)

1
+§pD,o(,{D,OTKD,OJFPD,OT[)D,O), (B.7)
9 15
DrEO—_ (492+4g’2> kEO4 { 3Tr [/iD’OT/iD’O—HiU’OT/iU’O] +Tr [f@E’OT K,E’O] } kL0
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Using egs. (A.12) and (A.13), we immediately obtain the RGEs for the ! and pf".

Schematically, we shall write,

Dkl = Br Dp" = B,r,

(B.10)

for F =U, D and E. Explicitly, the corresponding S-functions at one-loop order are given

by,

9 17
DrY = —(893—1—924-9’2) /{U+{3Tr [KU/{UTjL/{D/@DT]%—Tr[/sEKET] }/@U

4 12

(B.11)

—i—{STr [ﬁUpUT+f£DpDT] +Tr [nEpET] }pU—2K(KDTRDKTKU—FpDTRDKTpU)

1 1
+/€U(FJUTHU-FPUTPU)+§K(HDTHD+pDTpD)KT/€U+§(HUKJUT-FPUPUT)FLU,

9 17
DoV = _(893+g2+gl2>pU_|_{3Tr[pU,€UT+pDHDT]_|_Tr[pEHET]}HU

4 12

(B.12)

+{3Tr [pUpUT+prDT}+Tr [pEpET] }pU2K(KDTPDKTHU+pDTpDKTpU)

1 1
(VTR Vo) (6P RP 4+ 0P K 2 (5 U 4 V)

9 5
DiP = — (893 +92+g’2> kP +{3Tf [P 6P 4R+ T [T 7] }“D

4 12

(B.13)

+{3Tr [pDT/-@D—I—pUT/@U] +Tr [,OETHE] }pD—Q(HDKT/QU/@UT—i—pDKT/@UpUT)K

1 1
_}_(KDKDT_}_prDT)HD_}_iKDKT(KUKJUT_FPUPUT)K_}_il{D(KDTKD_}_pDTpD)’

4 12

9, 5
DpP = - (8g§+92+g’2> pD+{3Tr [P +5T oV |+ T (151 ] }“D

(B.14)

+{3Tr (PP pP 4+ PV ]+ T [pP1p"] }pD —2(kP KT p" VT4 pP KTV pU T K

1 1
+(5P w147 P P4 pP K (6 K497 071 K2 pP (P64 pP),

9 15
DrF = — (4g2+4g/2> I{E+{3TI‘ [K;DTK;D+/-€UT/£U] +Tr [IQETK,E} }K,E
+{3Tr [pP TP +pVT Y ]+ T [pET K] }pE
1
+(I£EI€ET+pEpET)liE—i-iliE(HET/iE-i—pETpE),
9 15
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+{3Tr [pDTpD—l-,OUTpU} +Tr [pE pE} }pE
1
_i_(HEﬁET_i_pEpET)pE+§pE(ﬁETﬁE+pETpE)'
For the numerical analysis of the RGEs, it is convenient to define

P =kPKT, P = pPKT,
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(B.15)

(B.16)

(B.17)



keeping in mind that the (unitary) CKM matrix K is defined at the electroweak scale and
thus is not taken to be a running quantity. The RGEs given in egs. (B.11)-(B.16) can now
be rewritten by taking k” — &P, pP — pP and K — 1. The advantage of the RGEs writ-
ten in this latter form is that the CKM matrix K no longer appears explicitly in the differen-
tial equations, and enters only in the initial condition of £ at the low scale [cf. eq. (2.62)],

P (Ap) = V2Mp(Ag)K' /v, (B.18)

In particular, the high scale boundary condition given by eq. (2.63) also applies to #” and
~D .
po, e,

(M) = dPRP(A). (B.19)
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