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In extensions of the Standard Model with two Higgs doublets, flavor-changing Yukawa couplings of the
neutral scalars may be present at tree level. In this work, we consider the most general scenario in which
those flavor-changing couplings are absent. We revise the conditions that the Yukawa coupling matrices
must obey for such general flavour conservation (gFC) and study the one-loop renormalization group
evolution of such conditions in both the quark and lepton sectors. We show that gFC in the leptonic sector is
one-loop stable under the renormalization group evolution, and in the quark sector, we present some new

Cabibbo-like solution also one-loop stable under renormalization group evolution. At a phenomenological
level, we obtain the regions for the different gFC parameters that are allowed by the existing experimental

constraints related to the 125 GeV Higgs.
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I. INTRODUCTION

Two-Higgs-doublet models (2HDMs) [1-3] are a simple
and popular class of extensions of the Standard Model
(SM). Besides the original motivation, in particular, the
possibility of having spontaneous CP violation [1], extend-
ing the SM scalar sector with a second doublet allows a
number of interesting phenomenological consequences. To
name a few generic ones, there are the appearance of new
fundamental scalar particles, nonstandard properties of the
“quite Higgs-like” scalar discovered at the LHC with a
mass of 125 GeV [4,5], and, related to them, a number of
potential deviations in low-energy processes with respect to
SM expectations. They have been the focus of intense
scrutiny before and after the 2012 discovery [6-28].
Additional aspects, including dark matter candidates
[29,30] or sources of CP violation in addition to the
Cabibbo-Kobayashi-Maskawa matrix [31-33], of interest
for baryogenesis [34-36], provide further interest in
2HDMs.

In the SM, concentrating on quarks, a single Yukawa
coupling matrix in each sector—up and down—is

fFrancisco.J .Botella@uv.es
f_Fernando.Cornet @ific.uv.es
'Lmiguel.r.nebot. gomez @tecnico.ulisboa.pt

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2018/98(3)/035046(25)

035046-1

responsible for both (i) the generation of mass upon
spontaneous breaking of SU(2); ® U(1)y into U(1)gy
and (ii) the couplings of the quarks to the only fundamental
scalar leftover, the Higgs boson. As a consequence, there
are no tree-level flavor-changing neutral couplings
(FCNCs) of the Higgs to quarks. In the general 2HDM,
there are two independent Yukawa matrices in each sector,
and the situation is dramatically changed: FCNC couplings
of quarks arise at tree level. Their effect on the couplings of
the different physical neutral scalars depends on the details
of the scalar potential [37]: if the 125 GeV scalar is a
mixture of the true-but-unphysical Higgs and the additional
neutral scalars, FCNCs “leak” into its couplings through
that mixing. As with many new physics avenues, the
presence of FCNCs is a double-edged feature; since the
competing SM gauge-mediated contributions to FCNC
processes are loop induced, those transitions pose severe
constraints, while on the same grounds providing imme-
diate opportunities to discover deviations from the SM
picture.

The study of different ways to avoid problematic too-
large FCNC couplings and the conditions for their appear-
ance or absence has drawn sustained attention over the
years. As analyzed in Refs. [38,39], the absence of FCNCs
is guaranteed by forcing each right-handed fermion type to
couple to one and only one scalar doublet; this absence of
FCNCs, enforced by a Z, symmetry, is a popular option,
and several implementations of this natural flavor con-
servation (NFC) idea, namely, 2HDM of types I and II and
of types X and Y (when the lepton sector is also considered)
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have been thoroughly explored. Additional U(1)
gauge symmetries have also been considered, e.g., in
Refs. [40,41]. The general conditions for the absence of
FCNCs, that is, that the mass matrix and the remaining
Yukawa matrix can be diagonalized simultaneously, were
identified early [42-45]. References [42,46-53] addressed
the interplay of how a symmetry requirement could enforce
that general NFC and shed some light onto the structure of
the resulting Cabibbo-Kobayashi-Maskawa (CKM) matrix.

On a different line of thought, suppression (rather than
the absence) of FCNCs in other “natural” manners has also
attracted significant interest, including suppression given
by masses like in the Cheng-Sher ansatz [54], suppression
obtained from broken/approximate flavor symmetries
[55-58], and symmetry controlled FCNC scenarios
[59-63]. Among the latter, Branco-Grimus-Lavoura mod-
els are worth mentioning in particular, since this suppres-
sion is simply given by products of CKM matrix elements
[64,65] (see also related extensions [66—68]). In a more
recent popular scenario, the aligned 2HDM [69], the
absence of FCNCs is a priori achieved (and parametrized)
with simple requirements on the Yukawa couplings (for an
early mention of this kind of possibility, although in the
context of real Yukawa couplings and spontaneous CP
violation, see also Ref. [70]). The possibility of having
effective aligned scenarios has been studied in Refs. [71,72].
Radiative effects and the interplay of tree-level FCNCs with
the renormalization group evolution (RGE) have also been
addressed in the literature [9,49,73-79].

The aim of this work is to explore different facets of
scenarios with general flavor conservation (gFC), i.e.,
generalized flavor alignment, in the 2HDM, in other words,
analyzing relevant aspects of the most general 2HDM
scenarios in which tree-level FCNCs are, a priori, absent.
An analysis of FCNCs induced in this context by the RGE
has been recently presented in Ref. [80]. On a purely
phenomenological basis, a scenario of this type restricted to
the lepton sector was also considered in Refs. [81,82].

The paper is organized as follows. In Sec. II, we revisit
some generalities of the 2HDM, fix the notation for the
discussion to follow, and recall the most relevant aspects of
the conditions leading to gFC. They are then analyzed,
attending to the renormalization group evolution that they
obey in Sec. III, leading to the full set of conditions
required to have RGE-stable gFC. The well-known type-I
and type-II cases are briefly revisited in Sec. III C; Sec. III
E is devoted to a particular solution that arises when the
CKM matrix is reduced to a single Cabibbo-like mixing.
The gFC stability of the lepton sector is discussed in
Sec. IIID. In Sec. IV, we discuss the most relevant
experimental constraints on gFC arising from flavor-con-
serving Higgs-related observables, leading to the analysis
and results of Sec. IVD. In Sec. IVE, we provide, for
comparison, results for the usual 2HDMs of types I, II, X,
and Y and for the aligned 2HDM.

Appendix provides details omitted in the discussion of
Sec. III.

II. YUKAWA COUPLINGS AND GENERAL
FLAVOR CONSERVATION

The Higgs doublets (j = 1, 2) of the 2HDM are

. o/
i J ’ 1
Pi=e <(Uj+pj+i’7j)/\/§> W

where v; and 0; are real numbers, p; and 7; are neutral
(Hermitian) fields, and (pjE are charged fields. Equation (1)
anticipates the assumption that the scalar potential
V(®y, D) [2,3] is such that V((D;), (®,)) has an appro-
priate minimum at

@)= (g 03 @

In the “Higgs basis” [7,37,83], only one linear combination
of ®; and ®,, H,, has a nonvanishing vacuum expectation
value,

() =mag) =5 (0)
)= (). ®)

with v=1/v1+13, ¢y =cosf=v/v, sp=sinf=v,/v,
l‘/} = Sﬂ/Cﬁ, and

Re= (7 ") R -R @

—Sp Cp

The expansion of H; and H, around that minimum of the
potential reads

= (e v )

2= (o oy ) ®)

where
G*) o7
(7).
(H+ "\t
H’ P1
(o) = () 2
2

The would-be Goldstone bosons G° and G* provide the
longitudinal degrees of freedom of the Z and W+ gauge
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bosons; furthermore, while H* is already a physical

charged scalar field, the physical neutral scalars
{h,H, A} are real linear combinations of {H° R, 1°},
h H?
Rp(@| H| =R, [Rp(@)]™! = [Ryz(@)]".
A I°

(7)

with [Rpz(a)] a real orthogonal rotation described by
three real mixing angles, @ = {a;,, 13, @23} (¢, = cos x,
s, = sinx),

Cayy —Sa, O Copy 0 =54,
Rp(@)] = | S, Cap O 0O 1 0
0 0 1 Say 0 Cq
1 0 0
X |10 cuy —Say |- (8)
0 Soy Cay

When there is no CP violation in the scalar potential,
i.e., no mixing connecting the CP-even H° and R® and the
CP-0dd 1, it is customary to introduce the mixing angle «,

()= (e 0= (5 Ge)

H) \—=ca s/ \p2) \=Cp Spa)\R")’
©)

where 54, = sin(a + ) and cy, = cos(a + ) [that is,

3 = O3 = 0 and Ay = 7[/2 - (0! +ﬂ) in Eq (8)]

Since a 4 sign can be included in the definition of the

scalar fields without changing their kinetic terms, different

conventions for Egs. (8) and (9), which may be relevant
when comparing expressions, are used in the literature.

A. Quark Yukawa couplings in 2HDM

The Yukawa couplings of the quarks—SU(2), doublets
QY and singlets d%, u%—with the scalar doublets read

5@ = -0} [ ®; + [,d,]dj
- QV[A @, + A, D,]ul + H.c. (10)

with ®; = ic,®@7. Following Egs. (3)-(5),

N
LY = =22 QY [MSH, + NGHdg
2 _ - ~
- {Q%[MSHI + NuHJug +He. (1)
= L+ L8+ L8 + L8 12)

with mass terms EEZ], would-be Goldstone boson couplings
E[g], and Yukawa couplings to charged and neutral scalars,
Eg]l and Ekf]:

£ 5~ MO, — 70 MOuY, (13)
2 -
4> —% (G MO + iGOdY MO
— G=dY MOuY, — iGud MOub], (14)
2 _
£l > -l - A, (19

1 - _
L8 D (IO MG + (R + i) d N
+ H%u0 MOub + (RO — 1)@ N Ouf). (16)
The mass matrices are

v

MG = V2 [ c,T"y + e 55Ta],
MO = % e cpA ) + e7i%255A,), (17)

and the second linear combinations of Yukawa matrices
that encode the potential FCNCs are

v . .
Ng = ﬁ [—e’elsﬂl—‘l + EIHZCﬂrz],
N = % [—e~n spA1 + e_iQZCﬂAz]- (18)

For the usual bidiagonalization of the mass matrices M}
and MY, the quark mass eigenstates (without a O super-
script) read

dL - Ungg, dR - Ung%, uy = UELM(z, Up = UERM%,

(19)
with
My = UgLMgUdR = diag(my, mg, my),
M, = Ul MU, = diag(m,, m,, m,), (20)
Ng=U{ N§Us,. N, =ULNWU,,. (21)

The CKM matrix is V = U}, Uy . When both Ay and NV,
are diagonal, tree-level FCNCs are absent.

Expressing Eq. (11) in terms of quark and scalar mass
eigenstates (for a shorthand, we use [Rp3)(@)];; = Ri)),
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[:r[g] = —EZLMddR - uLMuuR +H.c.,

V2

v

V2

v

Ly =

-

(22)

(G, VMydg +iGdy Mydg + G=d VI Myug — iG%iy, Myug] + Hee., (23)

{H [, VN ydg — igNt,Vd, ] + B [dpNiVTu, —d, VIN qug)}, (24)

ho- | _ |
51[\?] = _;{d[RllMd + RorHa + iR31.Aq)d + d[Ro Ag + iR31 Hylysd}

h
- ;{ﬁ[RllMu + RorHy = iR51 AyJu + a[Roy Ay — iR3 1 Hylysu}

S {d[RixMgy + RayHa + iR5Adld + d[Rop Aq + iR3Hylysd}

H
- ;{E[Rleu + RooHy — iR AyJu + #[Royp Ay — iR3Hy]ysu}

A _ . - .
S {d[Ri3My + RosHy + iR33.Ad]d + d[Ro3 Aq + iR33Hylysd}

A
> {a[RisMy + RosHy — iRs3AyJu + it[Ro3 Ay — iR33HyJysu}, (25)

(26)

are the Hermitian and anti-Hermitian combinations of N/ q
and N7
With no CP violation in the scalar sector,

Sﬂa _Cﬂa 0
R = Cﬂa Sﬂa 0 5 (27)
0 0 1

and Eq. (25) reduces to

Ly =~ % {dlspeMa + cpaHald + cped Agrsd}
—%{ﬁ[sﬂaMu + cpaHylu + cpuit Ayysu}
_ % {d[=cpaMa + spaHald + spd Agysd)
- % {a[=cpaMy + spHo]u + spatAysu}

A _ _ A
- i;{dAdd + dHaysd} + i; {inAyu + wHyysu}.
(28)

B. Lepton Yukawa couplings in 2HDM

The Yukawa couplings of the lepton SU(2), doublets LY
and singlets #% with the scalar doublets are

V2

v

LY(MOH, + NUH,)¢% +H.e., (29)

where, similarly to the quark sector in the previous section,
M(} = [eigl CﬂHI + eieZSﬂnz],

N =

Sl Sl

[—ewl SﬂHl + eiaZCﬁHﬂ. (30)

The mass eigenstates, without a O superscript, correspond to

6, =U, 80, tr=UL 2%, (31)

and

M, = U} MOU,, = diag(m,, m,.m.).

N, =U, NOU,,. (32)
Notice that we do not include right-handed neutrinos 2%
and thus, unlike in the quark sector, there is only one set of
Yukawa coupling matrices and we work in the massless

neutrino approximation. The leptonic analogs of the
Yukawa couplings in Eqgs. (24) and (25) are
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v _ V2

e __¥e
Ch ”

{H DN g + H ZxN T o0, ), (33)

h | i |
‘CI[\L:] = —;{K[Ran + RorHy + iR31 Apll + €[ Ry Ap + iR31 HylysC}

H - ) - )
s {€[RioMy + RayHp + iR Ap)C + €[RanAp + iR3HylysC}

A _ . - .
- {[RisMy + RosHy + iR33 AL + €[ Roz Ap + iR33H, s} (34)

with

+
HKEW,

C. General flavor conservation

The necessary and sufficient conditions obeyed by the
quark Yukawa coupling matrices I',, A,, a = 1, 2, in order
to have gFC [42-45], are that each of the sets

(T} {Tils). {AA)), {AlAg), ap=1.2

(36)
is Abelian; that is, their elements commute,
[, T).T,I5 =0, [Tl TT,] =0,
[A.A)LAA] =0, [AbAg AJA;] =0, (37)

with a, 3, v, 6 = 1, 2. In that case, {I'|,I,} are simulta-
neously bidiagonalized, and {A;, A,}, too.

A crucial corollary to these necessary and sufficient
conditions is the fact that the simultaneous diagonaliz-
ability is intrinsic to the Yukawa coupling matrices them-
selves, independently of the spontaneous symmetry
breaking vacuum characterized by the vacuum expectation
values v, v,. In other words, the property is independent of
f in Eqgs. (17) and (18); the simultaneous bidiagonaliz-
ability of {MJ, N3} is equivalent to the simultaneous
bidiagonalizability of the Yukawa couplings matrices or of
any other independent linear combinations of them. Of
course, the actual values of the eigenvalues of both Mg
(the masses) and N/ 8 do depend on the particular linear
combinations.

For leptons, similarly, {l'[(,l'[;} and {HZ,H/}} must be
Abelian in order to have gFC, and the previous corollary
applies equally to them.

A very relevant consequence follows [42,46-53]: if
gFC is due to the Lagrangian in Eq. (10) being invariant
under a (symmetry) transformation of quarks and scalars,

the CKM mixing matrix cannot be related to the values
of the masses; e.g., predictions being made at the time
(the late 1970s)' for the Cabibbo angle, like tan@, =
my/myg [84,85], could not lead simultaneously to gFC.
Moreover, the resulting mixings are unrealistic (e.g., no
mixing or a permutation times a complex phase), and
radiative corrections cannot be invoked to yield realistic
mixings [49].

The most general parametrization of tree-level
couplings of fermions to scalars obeying gFC is, quite
trivially,

ng 0 O n, 0 O
Ng=10 ny , Ne=10 n. 0],
0 0 n 0 0 n
n, 0 O
Ny=10 n, , n; €C, (38)
0 0 n,

which we use in the rest of the paper: in Sec. III for the
study of the renormalization group evolution and in Sec. IV
for a phenomenological analysis.

Notice that, while for the flavor-changing couplings
the simultaneous presence of scalar and pseudoscalar
terms in fermion-scalar Yukawa interactions is not neces-
sarily CP violating, in the diagonal, flavor-conserving
ones, on the contrary, it is CP violating (see, e.g.,
Ref. [86]). With the flavor-conserving matrices N in
Eq. (38), the Hermitian and anti-Hermitian couplings
in Eqgs. (28) and (34) are, respectively, their real and
imaginary parts. For example, for a CP-conserving scalar
sector with nonzero mixing c4, # 0, if Ny are not real, they
constitute new sources of CP violation in neutral couplings.
For the couplings to the charged scalar, without entering
into details, if Im(n,,ny ) # 0, the combination of scalar

and pseudoscalar terms in the coupling H*ﬁidj is CP
violating.

'In the context of SU(2), ® U(1), gauge theories; the
literature is richer in examples for SU(2), ® SU(2), ® U(1),
scenarios.
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III. RENORMALIZATION GROUP EVOLUTION AND FLAVOR CONSERVATION

A. Evolution of the quark Yukawa coupling matrices

The one-loop evolution of the Yukawa couplings under the renormalization group [75-77,87] is (with D = 167 -4 and

dlnu
u the energy scale)

n=2 n=2
1 1
DI, =al,+ Y T4,0,+> (—2A,,AI,F,, + T, + 5 A, AT, + Erprj,ra)
p=1 p=1
with T¢, =3tr(C,0) + ALA,) + tr(TT,IT)), (39)

n=2 n=2
1 1
DAy =a,bg+ > Th,0,+ > (—2rpriAp + 8,804, + 5T, A, + EAPA;AG)
p=1 p=1

with T4, =3tr(A,AS +Til,) + te(TLI1,) = T4, (40)
where
Gi=-8F —2F -2, a,=ag— (41)
d s 4 12 ’ u d )

with g, g, and ¢ the gauge coupling constants of SU(3),, SU(2),, and U(1),, respectively. Introducing

n=2 n=2 n=2 n=2
n-Sen n=Son A =S as wa A-San, (2)
p=1 p=1 p=1 p=1
Egs. (39) and (40) read
n=2 1 1 n=2
_ d N
DI, = a,l, + ; T4,T)+ Talr +5Tule + 5 AT, -2 /; A,AIT,, (43)
n=2 1 1 n=2 .
DA, =a,A,+ > Ti,A,+AAg+ 5 A A, + STuh, =2 > I,riA,. (44)
p=1 p=1

Equations (43) and (44) are the starting point to analyzing the one-loop stability of the necessary and sufficient conditions
for gFC. For that, one needs to know

D(T,T).T,IY]).  D(MilsTTs)).  D([AALAAL.  D(ALA, AJA)). (45)

under the assumption that Eq. (37) holds. With that objective in mind, some simplifications are worth mentioning. Starting
with FaF;, we first notice that

D(I,T)) = (DL, + Tu(DLy) = fi(T) + g (T, 4), (46)
with?
n=2
. L1 1
fl(r) = 2a,0,0% + 3 [T4, 0,05 + T4 T Th] + 2T, Tl + 5rLrar}, + EF(,F;FL, (47)
p=1

The superscript [d; ] is chosen in correspondence with the I',I" /; matrix combinations; similarly, fgf}‘] and g([f;;‘] will appear in

D(FLF,,), and f([f/;“‘] will appear in D(AK,A;) and D(ALA/,), but we concentrate for the moment on D(Fal“;).
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and

d 1 |
QL/JL] (ILA) = 2 ALFaF; + EFaFﬂAL
n=2

-2 [AAILT) +T,ThALAl  (48)
p=1
The relevant property of the decomposition in Eq. (46) is
that f[fL] depends only,3 in terms of matrices, on I'T" and

ITTT" terms, while g% collects the remaining depend-

[¢7

ence on A’s, which has terms TTTAAT and AATTTY. Then,

DI, T,T5] = [D(TT)), T, 05 + [T, D(T,T))]
d, d,
= [£9)(T) + g5 (0. A). T, T]
+ L £ + d%ra). (49)

B. Evolution with gFC matrices
It is clear that if there is gFC, i.e., with Eq. (37),

[fgj/;;] (F)’FYFJ;] = [F(lr};’v f}[,(ng] (F)] =0, (5())

and thus

dr. FJdy
DIFT}. T3] = g (T A). T + [Tl gy (T A)).
(51)
After the simplification brought by Eq. (50), the next step is
to trade Eq. (51) for conditions expressed in terms of the

physical parameters entering in the matrices MY, N9, M9,
and A9 It is convenient to introduce the notation

0 _ A0 0 _ A/O 0 _ Ag0 0 _ A/O
Y[d]l_M’ Y[d]z_N’ Y[u]l_Mu’ Y[u]z_Nu’

P —w.y 0o _ Y oy
\/EFG = WfllY[d]i’ Yig: = \/EFan,
YA Wy o Y A
ﬁAa = Wm-Y[u]i, Yigi = \/iAan, (53)
where
e 0 cy —sp
Wz( —'a>( > WWH = Wiw = 1.
0 e 2 Sp Cp
(54)
For completeness, notice that
S YAt Wyt
\/EFO, = Wm.Y[d]l., \/§Aa = WmY[u]l.,
or _ Y piyw 0 _ Y ATy
Y[d]i = \/EF(,WW, Y[u]i = \/EA(,WM., (55)

i.e., the Hermitian conjugate © (in the space of flavor
indices) only gives a complex conjugate in W. One can then
write

4 .
ot . * 0f 0t
[Co. T 5] = Fwaiwﬁjwrkwél[y([)d]iy e Yo Y
(56)
and thus
.
DT, T}.T, ]
4 * * 0 Of
=D <F meﬂjwrkW51> [Y?d]iY[d]j’ Y[Od]kY[d]l]
WL W W WDV YO 0 0 57
+F aiWgiWyk W [[d]i [y ¥ [dk [d]l]' (57)

With gFC, the first commutator vanishes, and we just have
- - - 0 yOf y0 O

a linear combination of different D[Y[d]iY[d]j, Y[d]kY[d]l]'

One can indeed invert Eq. (57),

4 0 0 * * I
FD[YO Yo Yo Y] = Wa W Wi Wy DT, I

@i Yty Y ap Ly
(52) (58)
which allows us to rewrite Egs. (17) and (18) compactly and express the right-hand side of Eq. (58) in terms of ¥ ([)d]i
(with summation over repeated indices understood), and Y ([)u]].:
| .
2
U_ 0 (0 0 1 _ vO 0 0 07 0 0t _ 0 07 0 0f 0 0f
S DY YY) = YoV oY 0 LY Q¥ e = Ve Y Y Yy
_ 0 Il 0 0 0t _ 0 Ot 0 0 0 0
200 Y Yo Y@ Y Rn Yty = 2Y Y Y Py e Y oY )
0 0 0 01 0 i
+ 20 Y e YY) YR Yo+ 2R @ Y P Y i YY) (59)

3 Although Td ,dodependon A,’s, there is no matrix dependence, only C numbers; this also applies to the leptonic Yukawa couplingsI1,,.

035046-7



BOTELLA, CORNET-GOMEZ, and NEBOT PHYS. REV. D 98, 035046 (2018)

As expected from the discussion in Sec. II C, having a gFC scenario is related to the Yukawa coupling matrices themselves;
it does not hinge on the particular electroweak vacuum configuration that determines which particular combinations of them
are the mass matrices M and MY and the matrices V' and NJ [the vacuum configuration is “encoded” in W, which does
not appear in Eq. (59)]. The last step is to transform into the mass eigenstate basis with Uy, in Eq. (19),

2
S (DY Y0 YO Y U, = Y]

2 )i (o e VY Y s VY e Y g VY wn ¥ VY0¥

[ . [d]J
VoYY fy Y Yy = 2Y @i VY Vi Vs ViV )

[u]h

= 2[VIY Y,

+ 20V YV Y g Y ian gy + 2V gV Y (V- Y ¥y . (60)
where the CKM matrix V = U :ﬁL Uy, appears together with the diagonal matrices

Yign = Mg, Yiap = N, Y = My, Yiup =Ny (61)

In this generic notation [Eq. (52)], The complete set of conditions is given in the Appendix.
For each set in Eq. (63), there are six choices of i, j, k,
[=1, 2, in the 2HDM, which give, at least, three
independent complex equations each. It is clear that, in
{)’g,lvy(zi,zvygs} = {ng, ny,np}, terms of the six complex parameters n;, the system is

o u uoguou 1 largely overconstrained. In Sec. III C below we check that
Yo dlag(yl’ﬂ’ {J’1.1’Y1,2v y1,3} iy me.mq}. the known stable solutions with Ay &< M; are recovered. It
{)’3.1»)’3,2’)’121,3} ={n,n..n}. (62) is, however, beyond the scope of this work to address if
other solutions could a priori exist for the general one-loop

The previous derivation concerns the set {[,[" /T}} the  RGE stability conditions of gFC.

uti ) f rir A AT d TAIA The lepton sector is discussed in Sec. III D. Finally, in
evolution equations for {Tals}, {Aq ﬂ} and {AzAg} Sec. I E, we present some particular solutions that arise

are given in the Appendix. when the CKM matrix reduces to a Cabibbo-like block-
To have a gFC scenario stable under the one-loop diagonal mixing.

RGE, one needs the simultaneous diagonalizability of
{Yq]l’ ([)q]Z} to be preserved, that is,

Yigi = diag()’?,j)’ {)"11,1»)’(11,27)’(11.3} = {mg,m;, m,},

C. Stable gFC with N/; «x M;

DIy0 'YOI B%) Ul 0 DIYO yO  y0 YO 0. When one substitutes Nq :aq./\/lq, a, €C, in the
| [ [dj> * [k [d]} ' [ [u)i™ ] * ulk [“]’] conditions for one-loop RGE stability of gFC given in
D[Y?dT]iY([)] Y([)dl]kY([)d]} 0. D[Yo‘rl 0 YO Yu]l] the Appendix, solving them for a, and a; reduces to
finding solutions of
(63)

14+ au,) (), —ay) =0, 65

With Egs. (60)—(62), the conditions expressed by the matrix ( a%u)( ) (65)
equations in (63) are formulated in full generality, for fixed that is, a, = — Ogl or a = a,. In both cases, there is a basis

mass matrices M, and M, and CKM mixings V, in terms
of the six complex parameters n; in Eq. (38). For example,

element (a, b) of the first stability condition in Eq. (63), for H 1 1 a,\ /H,
= j, k=1 DY YL YY) = ( )—7( )( ) (66)
i=j, k=10D] i) = 0, reads H, 1+ |ag? H,

(@i ? @i ¥ [@e? [k
with H, and H, in Eq. (3), such that in Eq. (11) H couples

for the scalars [77]

*
-ay; 1

3 2
Ozzzvqa qb{|th (|y?,a|2|yg.b|2_ |y(ii,b|2|y2,a|2)

p only to d% while H) couples only to u$ for a, = —a;'; for
N o o id a, = a, H) couples to d% and uf, while H) does not.
- Z(yh,qyi.th.,byi,b T YigVngYiah i) (Vs * = [eal®) These cases are none other than the 2HDM s of types IT and

"’2()’2,4)’22)’%,;;)’%"'Yk,th,qyk,aYh,a)(|y;‘i,b|2 - ‘y?u|2)} I, respectively. For the particular case a, =a;= 0, the
scalar doublet that has a zero vacuum expectation value has
(64) vanishing Yukawa couplings: this is the inert 2HDM [29].
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D. Stable gFC in the lepton sector
The one-loop RGE of the lepton Yukawa couplings in
Eq. (29) reads [87,88]

n=2

n=2

1

DI, = a, 0, +» T4, + ) <nan,inp + 5Hpr[,*,no,)
p=1 p=1

with TS, =T¢ (67)

__9 2 15 2
where af—l—zg _Tg,
— n=2 717"
HR - Ep:l HPHP’

With I, = Y2=F 11,1,

n=2
1
DHa = afHa + Z Tgﬁpnp + HaHR + EHLHa. (68)
p=1

The crucial difference in the leptonic sector is that,
following Eq. (68),

D(T1,IT)) = 24,1111}
2

+ > (T4 TLIT) + T4 TS + 211, TRIT)
1

3
Il

)
I

+ 5 (I, T, + TTITHIT, ), (69)

N =

and thus it is clear that if {HaH;}a,ﬂ:l,z is Abelian then
DN, TLIT] = [D(T,IT). T, IT]
+ [[IT}, DILIT})] = 0. (70)
Similarly,
n=2
D(IiM,) = 2a, 0T, + > (T4, + T4 TIIL,)

p=1
+ TRIGTT + TETT, + TRI, 0L, (71)

and thus, if {Hlnﬂ}a.pzl,z is Abelian, then

DT, TT1,] = [D(IGIT,), TITL]
+ [IiI,, D(ILTL)] = 0. (72)

That is, if the Yukawa couplings of leptons are gFC, as in
Eq. (38), this is not altered by the RGE: general flavor
alignment is one-loop stable in the lepton sector. This can
be directly traced back to the absence of right-handed
neutrinos and Yukawa couplings involving them in
Eq. (29), in clear contrast with the quark sector. This result
represents a generalization of previous results restricted to
the so-called aligned case and pointed out in Ref. [79], in
agreement with the findings of Refs. [82,89]: at one loop
level the charged lepton sector remains general Flavour

Conserving in full generality without any additional con-
straint. To be specific and going to the simplest aligned
cases, types I, II, X, and Y models are defined in the quark
sector by

T IX{Nd:cotﬁMd,
c 1,
P N, = cot fM,,
Nd = —tan fMy,
T LY 73
vpe {Nu = cot fM,. (73)

The fact that the leptonic sector alignment was known to be
stable under RGE implies that one could analyze the
experimental data with the previous equation together with
the more general leptonic structure (IT, = &,e~I1;)

N = cot/f(%i‘}f :5) M, (74)

in the framework of a model one-loop stable under RGE.
This would include in a single analysis both types I and X
or types Il and Y. Note that with the appropriate limit £, —
0 or £, — oo one recovers the four models. Equation (72)
implies the new more general result that the models
implemented by Eq. (73) together with an arbitrary
diagonal A, [not just with Eq. (74)] are one-loop stable
under RGE.

E. Stable gFC with Cabibbo-like mixing

The CKM matrix has a hierarchical structure; keeping
only the largest mixing, it has the form

cos@,. sinf, O
Vo, = | —sinf, cosd. 0 (75)
0 0 1

with 8, ~ 0.22 the Cabibbo mixing angle. It is interesting to
analyze the question of one-loop RGE stability of gFC
conditions with V — Vj, in Eq. (75). First, it is interesting
on its own to know if this simplified mixing allows for
some stable gFC scenario; second, if that is the case, in
terms of those V' matrices, the deviations of gFC produced
by the RGE would be controlled by the initial deviations of
the complete CKM matrix from V,, the subleading
mixings.

One should first notice that, since V_decouples the third
quark generation, n;, and n, are expected to remain free
parameters. Then, since the only remaining stability con-
ditions concern elements (a,b) = (1,2) or (2, 1), all the
mixing combinations V5,V Vu,Vy, equal either
cos@,.sin@, or —cosf,.sinf., and thus the dependence
of the stability conditions on @, disappears.

Two classes of stable gFC scenarios follow from the
discussion in Sec. III C. The first, with
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N4 = diag(amy, amg, ny,),
N, = diag(a*m,, a*m., n,), (76)

corresponds to a type-1 2HDM for the first two generations,
while n,;, and n, are free (and thus Maqu # a,1). Some
particular limit—the extreme chiral limit—of Eq. (76) was
already obtained in Ref. [79] to justify V ~ 1. The second is

Nd = diag(amd, amg, nb)’
N, = diag(—a_lmu, —a'my, n,), (77)

which corresponds instead to a type-II 2HDM for the first
two generations (with free n,, n,, and Ma N  F a,1, t00).
In addition to Egs. (76) and (77), one can check that

Ny = diag(e?img, e?imy, ny),

Nu — diag(ei(pumc’ eitﬂumu’ nt)’ (78)

with arbitrary real ¢, and ¢, (and again, arbitrary complex
n, and n,), gives indeed another stable gFC scenario in
which V', and M are not even proportional in the first two
generations sector.

IV. PHENOMENOLOGY

A. General considerations

The Yukawa interactions in Eq. (25) or (28), together
with the absence of tree-level FCNCs parametrized in
Eq. (38), have interesting phenomenological consequences
in different observables, since they may produce deviations
from SM expectations. Those windows on new physics in
different observables are, of course, related: they are
controlled by the parameters n; in Eq. (38), by the values
of the masses my+, my, and m, and by the mixings in the
scalar sector, R;; in Eq. (25). In the following, we consider
for simplicity the CP-conserving case in Eq. (27). Our
interest lies in the parameters n; in Eq. (38). Among the
observables of interest, those that (i) involve the lowest
number of new non-SM parameters and (ii) provide direct
constraints from existing measurements are the following:

(i) Observables probing the couplings of the 125 GeV
Higgs-like scalar, which we identify with h, that is,
(i) production mechanisms and (ii) decay modes. In
addition to the n; parameters, they involve one extra
parameter, the mixing cg, if there is no CP violation
in the scalar sector; in the general case, two
independent mixings are involved.

(i) Observables probing the couplings of the charged
scalar H*, in particular, effects of H* in flavor-
changing processes in which the SM contributions
involve virtual W* exchange like (i) tree-level
decays, modifying, e.g., the expected universality
of weak interactions, and (ii) one-loop FCNC

processes like neutral meson mixings and rare
decays. These observables, besides the n; parame-
ters, depend on the mass my: (and no dependence
on the neutral scalar mixings).
We concentrate in the rest of this work on the flavor-
conserving observables related to h: besides probing the
¢FC matrices in Eq. (38), the bounds they impose also
apply to the same flavor-conserving couplings of a general
2HDM. As mentioned above, we should stress that, in this
context, there are other relevant constraints and that, in
general, they can have an important impact on the model
considered. Among them, one can include the oblique S, 7,
and U parameters, flavor physics observables in FCNC
processes like the radiative b — sy decay, rare decays like
B, — u"u~. or the neutral meson mixings; all these
processes are one-loop induced in the gFC scenario and
therefore depend on the masses of the new scalars. Tree-
level processes like BT — 71, also depend on the new
scalar masses. Other constraints depend also on the details
of the scalar potential, like the stability and unitarity
requirements on the Higgs sector. In the present analysis,
we are interested in the new parameters introduced in the
gFC case, so we will not consider all these constraints that
should have an additional impact on the Higgs potential
parameters.
Before addressing the different constraints related to
experiment, one can formulate a first theoretical require-
ment on the perturbativity of the Yukawa couplings:

—"|50(1). (79)

v

The precise value adopted in Eq. (79), e.g., O(1) = 1 or
V4m, is not expected to be specially relevant; other
phenomenological requirements will be, typically, more
restrictive. There is, however, an exception: the “decou-
pling limit” [90] of the 2HDM, in which sz, — 1 (cg, — 0)
removes the non-SM effects from the h couplings (while
my+ > v suppresses H*-mediated non-SM effects), leav-
ing the perturbativity requirement as the only effective
constraint. One may further argue that having either
m; < |n;| or m;> |n;| involves fine-tuning between
quantities of very different nature: both m; and n; are
linear combinations, controlled by f, of Yukawa couplings
(times v), but f originates in the scalar potential, meaning
that very disparate values of m; and n; involve significant
cancellations in one or the other, unless f — 0 or § - 7/2.
For the sake of clarity, we will only consider Eq. (79) and
ignore the previous concerns about eventual fine-tuning.

B. Production and decay of h

For the observables related to h, one should consider
constraints on n; and cg, arising from h production and
decay processes at the LHC [91]. In connection to them,

additional attention should be paid to the decays of h into
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light fermions since enhanced decays into light fermions
can increase the total width and modify the precise SM
pattern of branching ratios. The cross sections for direct
qq — h production are also important, since large cou-
plings of h to light quarks, in combination with the
luminosities given by the parton distribution functions,
could significantly increase them.

Before addressing the Yukawa couplings themselves,
we recall that, owing to the mixing in the scalar sector, the
couplings hVV (V = W, Z) are modified with respect to the
SM as

hVV, SM: my + gFC-2HDM: sgz,my. (80)
These couplings are involved in vector boson fusion (VBF)
and associated production mechanisms and in decays
h - VV*.

For the different couplings to fermions Ly =
—hf(a; + ibsys)f in Eq. (28), we have a scalar term ay,
straightforward to compare with the SM one,

ar: SM: m;/v + gFC-2HDM: (sg,m; + cg,Re(n;))/v,
(81)
|

N((f) my 2

L(h— ff)su: Sz 2

The decay h — yy, central in the discovery of the Higgs,
has an amplitude controlled in the SM by two interfering
contributions, the one-loop triangle diagrams with virtual
W’s and top quarks. The former is modified according to
Eq. (80). The latter is the only relevant one involving
quarks in the SM because of the large h7z coupling: m,/v;
this amplitude is modified according to Eq. (81). With a
pseudoscalar coupling now present, Eq. (82), there is an
additional contribution that, however, does not interfere
with the SM-like top(scalar coupling)+W. Furthermore,
there are other contributions that one may consider: one due
to diagrams with virtual H*’s and the ones due to other
fermions with enhanced couplings to h due to sizable n;.

I'(h— W)gFC 2HDM

(e

T 2567 12

with xy = 4m%/m2. The sum over fermions f includes
up- and down-type quarks, with Q; =2/3 and —1/3,
respectively, and charged leptons with Q; = —1. The
contribution of the charged scalar H* corresponds to an

= T(h - ff )eFC-2HDM *

Ap(xp) + sp,Ay(xy) + QHiAs(xHi)

and a pseudoscalar term b, absent in the SM,
bs: SM: 0+ gFC-2HDM: c4,Im(n;)/v.  (82)
We now discuss in turn decay and production processes.

1. Decays of h

The decay width h — ff, for a generic Yukawa inter-
action Lp,;p = —hf(as + ibsys)f, is, at tree level,

2

=79 =ty 1422 (1470 o ]
h

(53

with N. = 3 for quarks and N, = 1 for leptons; neglecting
4m§/ mi < 1,

Flh = 7) = Vo) 22l + oy P) (84)
With Egs. (81) and (82),
N,
UV 153 2+ 2spcpm Relng) + Rang . (89)

[

For the charged scalar, they cannot be neglected if H* is
relatively light, and thus, barring that possibility, we do not
consider them. For the remaining fermions, the values of
Cpq that hSWW decay and production require are typically
small (|cg,| < 0.1), and thus the values of n; that one would
need for their contributions to be relevant would be at least
n;~m;: they would produce huge contributions to the
width T'(h) or to gg — h production cross sections (see the
discussion in Sec. IV B 2), in addition to the perturbativity
and fine-tuning concerns on the Yukawa couplings already
mentioned, and we thus ignore them altogether, since they
will be rendered negligible once other constraints are
considered. The width of h — yy reads

b v 2
S N(HOF-LAr(xp)| ). (86)
7 mny
|
2m?
interaction Ly+p-p = —gys —=H'H h. gy: depends

on the details of the scalar potential that we do not
address since this contribution can be safely neglected
for my: > v.
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TABLE I. Values of Ay and AF for charged fermions of the second and third generations; running masses at

u = my, [98] are used.

f t b T

AF(xf) 1.3796 —(4.37 + 4.75i)1072 —(2.30 + 2.09i)1072
AF(xf) 2.1010 —(4.78 + 4.76i)1072 —(2.46 4+ 2.09i)1072
f c s H

AF(xf) —(4.87 +3.29i)1073 —(8.99 + 3.89i)1073 —(2.53 + 1.20i)10~*
AF(xf) —(5.07 +3.29i)1073 —(9.15 + 3.891’)10‘5 —(2.59 4+ 1.20i)10~*
TABLE II. Reference SM Higgs decay branching ratios (BR) for my = 125 GeV; the total width is
['(h) = 4.1 MeV.

Channels ff bb 7T cc i 5s

BR 0.577 6.32 x 1072 2.91 x 1072 2.19 x 1074 246 x 1074
Channels VV gg Ww) ZZ®) vy vZ
BR 8.57 x 1072 0.215 2.64 x 1072 2.28 x 1073 1.54 x 1073

The decay into gluons h — gg proceeds through similar
diagrams, with the ones mediated by leptons and by W and
H* bosons absent:

2 3 2
as m agv
['(h— gg)gFC-zHDM = —128Sﬂ3 _Uzh (‘ E —iﬁf Ap(x f)‘
f

| 2). (87)

The couplings a; and by in Egs. (86) and (87) appear

divided by fermion mass m  since the Ay and A r functions

are defined including the mass factor of the SM hf f vertex.
The loop functions are [92]

Ap(x) = =2x[1+(1-0)f(0)],  Ap(x) ==2xf(x),
Ay(x) =243x4+3x2-x)f(x), Ag(x)=x(1-xf(x)),

(88)
where
arcsin?(1//x). x>1,
fx) = 1 [m(%) - ,-,,}2, ret

The dominant contribution in h — yy comes from
Ay(xy) = —8.339. Other representative values of the
functions are shown in Table I. It is important to stress
that, while QCD corrections to Eq. (86) are small, that is not
the case for Eq. (87) (see, e.g., Ref. [93]); we account for
them by using

I'(h — gg) ¢FC-2HDM
['(h — g9)sm
X F(h - gg)SMref ’

I'(h— gg)gFC—ZHDM -
(90)

withI'(h = gg)gmyer = 0.351 MeV the SM reference value

from Table II and lm#

Eq. (87) (for the SM denominator % =1, by = 0). For

completeness, reference values of the SM Higgs decays
[94-97] are reproduced in Table II.

computed according to

2. Production of h

In addition to the decay widths, production mechanisms
are also modified. Besides VBF and associated production,
already commented on [Eq. (80)], the most relevant one is
gluon-gluon fusion (ggF) gg — h [99]. The elementary
process is the reverse of the decay h — gg, which is then
convoluted with the gluon distribution functions in the
proton (in the narrow-width approximation, production
and decay are related straightforwardly). As in the case
of the decay, Eq. (90), we incorporate QCD corrections by
normalizing the SM prediction to the reference value in
Table III, which shows reference cross sections for different
production mechanisms [94-97].

TABLE III. Reference SM production cross sections for my, =
125 GeV (in pb).

ggF  VBF  WH ZH ttH bbH
8 TeV  19.27 1.578 0.7046 0.4153 0.1293 0.2035
13 TeV 4392 3748 1380 0.80696 0.5085 0.5116
14 TeV  49.47 4233 1522 09690 0.6113 0.5805
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FIG. 1.

gq — h process.

We now turn to the direct g¢g — h production mechanism
shown in Fig. 1. The motivation to consider this production
mechanism is that, when \nq| > m,, the corresponding
cross section may become inappropriately large; one is
considering light quarks g # ¢, b. Sensitivity to enhanced
Yukawa couplings of light quarks at the LHC has also been
discussed, e.g., in Refs. [100-103].

For a generic Yukawa interaction L,,, = —hg(a,+
ib,ys)q, the tree-level cross section for direct production
pp(gq) — h is, in the narrow-width approximation,

olpp(qq) = h| = (la,[* + [by*)oo(E)Lqy(E).  (91)

where

T TeV) 2
E)=2—"_— (=) 1018 pb
o0(E) 8N_E ( E ) o,

LarlB) = [ deffn @)/ @) (92)

0

with E the center-of-mass proton energy, /5 the distribution

function of parton y in the proton, x, = %, and Q the
factorization scale.

In Table IV, we collect the values of o[pp(gq) — h]
and L, computed [104] for different quarks4 and setting
la,|* + |b,y|* = 1 in Eq. (91); this value of the couplings is
obviously too large since it effectively corresponds, with
respect to the SM, to the change m /v — v /v, but it allows
for easy use. Consider, for illustration, that for the LHC at
8 TeV o[pp(iu) — h] ~ 10 pb; one can readily obtain

olpp(iu) - h] ~ 10 pb & |a,|* + |b,|* ~7.3 x 107,
(93)

Although considering o[pp(iu) — h] ~ 10 pb may be
unrealistic (the tofal production cross section in Table III

4Equation (91) is obtained using the tree-level partonic cross
section; furthermore, the results in Table IV are obtained by
multiplying these simple predictions by a common O(1) factor
(one for each LHC energy case), chosen such that 6[pp(bb) — h]
in Eq. (91) reproduces the improved reference values in
Refs. [94-97]. We also take Q = E/2.

TABLE IV. o6[pp(gq) — h] (x10?) in pb and E,—M(Ez) (x10%)
for different ggq.

dd uu 5s cc
‘Cc_id o ‘Cfm o ‘Cis o ‘cZ'c o

8 TeV 1456 16.60 21.53 2453 4.41 5.02 2.65 3.01
13 TeV 74.57 29.17 105.28 41.18 27.70 10.84 17.92 7.01
14 TeV 95.49 31.53 133.90 44.21 36.46 12.04 23.83 7.87

for 8 TeV is ~22 pb), from Eq. (93), ['(h — uir) ~ 1 MeV;,
even if it is a significant contribution to the width I'(h), it
might still be compatible with the overall pattern of Higgs
signal strengths. To our knowledge, there are no dedicated
analyses of gg — h (g # b, t) from which experimental
input can be used in this manner. However, it is reasonable
to expect that this kind of production potentially
“contaminates” the analyses of gluon-gluon fusion; in that
case, one should add all ¢[pp(ggq) — h] contributions for
light ¢ to the gluon-gluon fusion cross section when
analyzing Higgs signal strengths. It is then clear that
bounds more stringent than Eq. (93) would follow for
the sum over all the different channels involved. The
simple connection among the decays h — gg and the
gq — h production mechanism—in the narrow-width
approximation—that follows from Eqgs. (85) and (91) is

olpp(qq) = h]/1 pb TeV\ 2 (Lyy(E)
I'(h - gq)/1 MeV _6‘825(T> < 103 ) (%4)

which allows for easy comparison of the relative strengths
of the constraints imposed by gg — h production and
h — gq decay for light quarks g.

3. Constraints

The main source of experimental constraints that we use
is the combined analysis of LHC-Run I data from the
ATLAS and CMS collaborations in Ref. [91], which
provides detailed information on (production) x (decay)
of the 125 GeV Higgs h for:

(i) production: ggF, VBF, associated Wh, Zh, and tzh;

(ii) decay: h — yy, ZZ, WW, 77 and bb.

Results from LHC-Run 1II in specific channels like (asso-
ciated Vh) x (h— bb) [105,106] or (ggF + VBF) x (h — 77)
[107] are starting to improve over Ref. [91]. One should
also consider off-shell (ggF + VBF) - h(*) - ww(®)
constraints on the total width I'(h) [108], even if they
are still weak [109,110]. Finally, dedicated studies like
Refs. [111,112] put useful bounds on h — utu~, ete™.

C. Electric dipole moments

As discussed at the end of Sec. II, nonreal A/; matrices are a
source of CP violation in scalar-fermion interactions, which
can induce electric dipole moments (EDMs). Consider,
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Qe + ibeys Qe + ibeys

v

FIG. 2. h-mediated contribution to d, at one loop.

e.g., an electron-Higgs coupling £, = —hé(a, + ib,ys)e;
the one-loop diagram in Fig. 2 gives a contribution to the
electron EDM d,:

3m,a,b m2
d ="2°(14+0(-)). 95
o (0 () )

It is to be noticed that, for a, ~ b, ~ m,/v, Eq. (95) gives
d, ~107% e-cm. When |a,|, |b,| > m,/v are a priori
allowed, up to the effect of other constraints, a significant
enhancement in d, can be expected. For current experimental
bounds |d,| < 1072’ e - cm, considering only this contribu-
tion gives

a,b, <8x107, (96)

or, with Egs. (81) and (82) and neglecting m, with respect to
c/ianw

csRe(n,)Im(n,) <5 GeV?. (97)

Anticipating results from Sec. IV D, in particular Fig. 4(g), it
is clear that the bounds imposed by the LHC results are more
stringent than Eq. (97). It should also be noticed that including
contributions analogous to Fig. 2 with h — H, A, gives

m:  m?
Re(n,)Im(n,) (cga + Séam—g + m—;) <5GeV?  (98)
o M

and does not change this conclusion. Furthermore, one-loop
contributions with virtual H* and neutrinos are suppressed.

It is well known that two-loop “Barr-Zee” [113-118]
contributions can be significant; studies such as
Refs. [119,120] address such constraints on CP-violating
Higgs-fermion couplings. However, those contributions
involve different n; couplings simultaneously, together
with the masses of the different scalars, preventing a simple
translation into bounds on a single parameter. It is to be
noticed, too, that cancellations among different diagrams in
that class may occur [67,121]. Including such a kind of
analysis is beyond the scope of this work; in any case, one
should keep in mind that the analysis of EDMs may have
some impact on the results of Sec. IV D. The previous
discussion also applies to the EDMs of the u and d quarks
and the experimental constraints that the neutron EDM

bounds impose, including, in addition, the impact of QCD
effects [122].

D. Analysis

With the deviations with respect to the SM of the
couplings of h and their implications for decays and
production mechanisms, one can impose the experimental
constraints of Sec. IV B 3 and explore the allowed values
of cp, and the gFC parameters n, in Eq. (38). For the
results presented in the following, we consider the most
conservative situation; i.e., all parameters are free to vary
simultaneously. Compared to restricted situations in which
not all parameters are considered simultaneously, this offers
a safer interpretation of excluded regions (they are excluded
whatever the values of the parameters not displayed) at the
price, of course, of larger allowed regions.

Figure 3 shows ny vs cp, for all quarks and leptons.
Some comments are in order:

(i) As expected, for Cpa = 0, the constraints on ny

disappear.

(i1) For u, ¢, d, and s quarks, the allowed regions are
almost identical, as one could anticipate from their
irrelevant role, within the SM, in the available
production x decay Higgs signal strengths. The
corresponding n,’s appear to be effectively limited
by the contributions to the Higgs width.

(iii) Surprisingly, the allowed size of |n,| appears to be
independent of cg,; this will be discussed in con-
nection with Fig. 4(c) below.

(iv) The n, and n, cases are also similar, with allowed
regions differing from the u, ¢, d, and s cases for
|n,|’s below 10-15 GeV and not small c,.

(v) For n, and n,, the allowed regions are much
more constrained, owing to the bounds set by
dedicated pp - h — e'e™, utu~ analyses such
as Refs. [111,112].

Although Fig. 3 shows absolute bounds on |n/|’s, it does
not give information on arg(n;)’s and cannot be directly
read in terms of the scalar and pseudoscalar couplings of h
in Egs. (81) and (82). Considering that, Fig. 4 shows Bf Vs

ap = spamys + cpeRe(ny), by = cpdm(ng). (99)
Furthermore, to maintain some information on cg,, allowed
regions corresponding to |cg,| <0.01, to 0.01 < |cg,[ <0.1,
and to 0.1 < |cg,| are displayed. One can notice that:

(i) for the first and second fermion generations, there is
no dependence on arg(n), since only decays, with
rates proportional to |af|> + |b|?, are relevant. For
quarks, the allowed region for [cg,| < 0.01 is
smaller; this is simply due to the perturbativity
requirement in Eq. (79).
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FIG. 3. |ny| vs cp, for the different fermions f; darker to lighter regions correspond to 68%, 95%, and 99% C.L.

(i1) For the top quark, two separate regions are allowed; (iii) For b and 7, the regions for not-too-small mixing,
this is also expected since independent sign changes |cpe| > 0.01, are ring shaped; m,, and m, set the radii
in both @, and b, (together with sign changes in c,, of such regions, as could be expected from the agree-
8 ,) do not alter the predictions. For |cg,| < 0.01, the ment of h — bb and h — 77 signal strengths with
allowed regions are quite reduced and placed around SM expectations. For small mixing, |cg,| < 0.01,
(@, b;) = (£m,,0); with 0.01 < [cg,| < 0.1, their the perturbativity requirement on |n,| and |n,| limits
size increases, and only for [cg,| > 0.1, the interplay the allowed departure from (as,by)=(+m.0),
of (i) pseudoscalar contributions to gg — h and giving in fact, for the b case, two disjoint patches.
h—yy and (ii)) W-top(scalar) interference in  To close this section, we recall the discussion on §g — h
h — yy gives rise to larger regions. production in Sec. IV B 2; as commented there, values of
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FIG. 4. Allowed regions
Lyir = —"f(as +ibsys)f.

ny in agreement with the SM-like Higgs signal strengths
could potentially give production cross sections not far
from the dominating SM ones. Figure 5 shows

o[qgh]
o[pp(9g) = hlsm

E( 3 a[pp@z,)ﬁh]) / olpp(gg) = Hs:  (100)

q=u.c,d,s

0
ay (GeV)
(h)p

at 99% C.L. for pseudoscalar vs

0
ar (GeV)
(Oks

scalar couplings for the different fermions f with

vs the total Higgs width and vs the gluon-gluon fusion
production cross section in two different analyses: in
Figs. 5(a) and 5(b), o[ggh] is added to the ggF production
cross section, while in Figs. 5(c) and 5(d), it is not (and
therefore, in the analysis, it does not directly affect
observables constrained by experiment). Comparing
Figs. 5(a) and 5(b) with 5(c) and 5(d), one can notice that
the constraints from Higgs signal strengths are able to
bound the size of o[ggh|, even if there is room for an
overall gg — h cross section, which is quite sizable, not far
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FIG. 5.
68%, 95%, and 99% C.L.

from the complete SM Higgs production cross section.
Furthermore, when o[ggh] is added to the ggF production
cross section, the agreement with the observed Higgs signal
strengths allows for a smaller amount of ¢g — h, and for
sizable gg — h, it is achieved at the cost of (i) reducing
the ggF production cross section and (ii) increasing the total
width I'(h), as the shape of the allowed regions in Figs. 5(a)
and 5(b) shows. For the results in Figs. 3 and 4, the bounds
on the different a, and b + do not differ in either analysis. It
should be finally mentioned that, in connection with the
previous comments and the size of 6[pp(qg) — h], it might
be interesting to analyze, for the remaining neutral scalars
H and A, the cross sections for pp(qg) — H, A at the LHC.
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0 0.5 1 — 1.5 2
olpp(gg) — h]/olpp(gg) — hlsu

(d)olgqh] vs. o[pp(gg) — h], olqgh] ¢ ggF

Effect of including gg — h production in ggF in analyses of Higgs signal strengths; darker to lighter regions correspond to

E. Other flavor-conserving models

In this section, we present, for comparison, results
corresponding to other flavor-conserving 2HDMs: types
I 11, X (or lepton specific), and Y (or flipped) in Sec. IVE 1
and the aligned 2HDMs in Sec. IV E 2. The analyses are
performed by imposing the same constraints used above in
the analysis of the gFC scenario.

1. Z, 2HDMs

In 2HDMs of types I, 1I, X, and Y, there is only one
Yukawa coupling matrix in each secctor (up and down
quarks and charged leptons), and consequently, the N
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FIG. 6. 15 vs cg,; darker to lighter regions correspond to 68%, 95%, and 99% C.L.

matrices are proportional to the corresponding mass matri-
ces Mg, as shown in Egs. (101)—(104):

Na=13'"My, N,=13'M,,
(101)
Na=—-tMq, Np=—-1,M,,
(102)
Na=1t'"Ma, Ny=-t,M,,
(103)
Ng=—13M,y, Nf:t/;lM,f.
(104)

2HDM I: N, = 1;' M,
2HDMII: NV, = 15" M,,
2HDM X: N, = 1;' M,

2HDM Y: N, =1;' M,,

a
2HDM I: m—‘; = Spa + 15" Cpas
2HDM II: ﬂ:s +t5lc
Com, pa T tp Cpas my
JHDM X: = + ;e
: mu_ pa T g Cpas
. Gy -1
2HDM Y: m—: Sﬂa+t/] Cﬂa’
u
15 15
1.0 QQ 1 Lof F—
_ 05 1 _ 05f
1S [Is]
—05 —0.5
-1.0 b@ 0] A2
SN} SO B N1 ORI
-1 —05 0 05 1 -1 —05 0 05
Cha Cha
(a)2HDM 1. (b)2HDM 1I1.
FIG. 7.

The only parameters relevant for the analyses are cg, and
tg. The allowed regions for 75 vs ¢, are shown in Fig. 6. It
is to be noticed that 75 < 1 is not allowed because of the
perturbativity constraint on the top-quark Yukawa cou-
plings; with M, = %sﬂAz, the constraint trivially gives
V2m,

’l)Sﬁ
tg > 1;in models Il and Y, the perturbativity constraint due
to my, does limit tg> 1, while, similarly, in model X, it is
m, that limits 75> 1. For the different £y,;p = —“ hff

interactions, in models I, II, X, and Y, either Z—ff =

< O(1). In model I, the there is no constraint on

—1
Sﬁ(l + tﬂ C/}a or
generations in each sector:

% =S5 = 1Cpa identical for all three

dy

—= = Spy T 15 Cpas  —— = Spa T tﬁ_lcﬂa, (105)
4
ay
_sﬁ_tﬁcﬁa? _:sﬁ_tﬁcﬂa’ (106)
e
as
_sﬁa+tﬁ Cﬂa’ m—f: Sﬂa_tﬂcﬂa’ (107)
—Sﬂa tﬂcﬂa’ _Sﬁa+tﬁ Cﬂa (108)
1.5 1.5
1.0 yﬁa 1.0 e
N 0.5 N 0.5
IS IS
—0.5 —0.5
—1.0} EWﬂ ~1.0 —
sl sl
-1 =05 0 0.5 1 -1 —=05 0 0.5 1
Cla Cla
(¢)2HDM X. (d)2HDM Y.

a,/m, Vs cg,; darker to lighter regions correspond to 68%, 95%, and 99% C.L.
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There is no pseudoscalar interaction term. Figures 7-9
show a;/m; vs cg, in each sector for the different models.
It is clear that, overall, the allowed regions remain close to

% = +1 for all ¢y, and 74 values, in clear contrast to Fig. 4
f

in the gFC scenario.

2. Aligned 2HDM
In the aligned 2HDM,
A, =E,A, (109)

[y =&, T =&

® )

—~1.5 .
—-1.5-1

1.5

1.0

0.5
£
B

—0.5
-1.0

0-05 0 05 1.0 15
au/mu

(b) by /My VS. Gy /My

1
tan 8

(@) €y vs ta.

10?

10!

107!

The perturbativity constraint on the top-quark Yukawa
couplings reads, with MY = % (cp + spE,)A =
258 (ep + sptu) s,

\/imt \/Emtlful

, < O(1),
oley + s8] ol + 58 = O

(110)

that is, roughly, |cs+ sgé,], [cp&r" + 55 > 1, which
imposes the shape of the allowed |£,| vs t; region in
Fig. 10(a) (for &; and &,, regions with similar shape also
follow, with m, — m,,, m, rescalings). Contrary to models

1.5 1.5
1.0 1.0}
0.5 ] 0.5}
£ g
< 0 i =0
= S
—-0.5 ] —0.5¢F
—1.0 —1.0}
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ﬁ[/mg

(d) be/my vs. ag/my.
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FIG. 10. Aligned; darker to lighter regions correspond to 68%, 95%, and 99% C.L.
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I, II, X, and Y, the aligned 2HDM allows for the simulta-
neous presence of scalar and pseudoscalar interactions,
Lysr = —h}_‘(&f + il_7fy5)f However as in models I, II, X,

and Y, in each sector, / and f are identical for all three
generations:
G, (=fRe) ¢ (5P -y
mg pa T |1+ 1572 ’
b, Im
—f:%(lﬂﬁ)L)2 (111)
myg |1+ 158/

Figures 10(b)-10(d) show % Vs % allowed regions for each

sector. It is to be noticed that the allowed regions are similar
to the ones for third-generation fermions in Fig. 4 of the
gFC scenario. However, it is clear that they differ quite
substantially from the allowed regions for the first and
second generation in the remaining subfigures of Fig. 4.

V. CONCLUSIONS

In this paper, we analyze the question of general flavor
conservation in extensions of the SM with additional
scalar doublets, in particular the 2HDM. The effect of the
one-loop renomalization group evolution of the Yukawa
coupling matrices on gFC scenarios is discussed in detail.
In particular, it is to be stressed that in the absence of
Yukawa couplings with right-handed neutrinos gFC in the
lepton sector is stable. For the quark sector, some one-loop
RGE-stable scenarios are discussed, including the case of
a Cabibbo-like quark mixing matrix. At a phenomeno-
logical level, we discuss the constraints that existing data
on flavor-conserving processes, in particular, the ones
related to the Higgs, impose on the parameters describing

|

gFC in the different fermion sectors, including a detailed
numerical analysis of that parameter space. Direct gg — h
production is also considered in detail; although it is
completely negligible in the SM, that might not be the
case in scenarios such as 2HDMs, and it may even be
relevant for the production of the additional non-SM
neutral scalars.
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APPENDIX: RGE DETAILS

The analysis of the RGE of the quark Yukawa couplings
and the stability of the gFC scenario in Eq. (38) has been
presented in detail for the set { FaF;} in Secs. III A and I1I B.
We reproduce in this Appendix the equations relevant for
{r, } and also for {ThIs}, {A,A] 5} and {A7A}, omitted
for conciseness in Sec.
Egs. (46)—(48),

1. In correspondence with

dp. dy up,
D)) = f900) + g (T.8).  D(8,A) = fi)(a) + g (T a).
d d u
DIy = F5/0) + gl (T ). Dalay) = fil(a) + g (r.a). (A1)
with
0] n=2 . 1 R 1 .
fop (0) =2a,T,T; + Z [T4,T,T) + T4 T,Th] + 20, Tpl) + EFLFaF/L' + Erar}jrb
4 1 N R o
g, A) = 5 A,r,rj+ EFarﬂAL — 2> " [A, AL+ T I ALA]], (A2)
pee
ag] n=2 N
Fil() = 2a,T8T + 3 [T T3Ts + T4 TAT,] + TAE Ty + TRl + TilTg,
p=1
n=2
g0, A) = TEA Ty =23 [[)AAT + ThA, AT, (A3)

p=1
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n=2
_ L1 .
ful(a) = 2a,8,00 + 3 [T4,0,00 + T4 A M+ 28, Az AT+ 5 A AN+

p=1 2

1 A e R
=T AA)+ 3 A AT, =2 [T,TEA, A + A AT,

[ur]
gaﬂ (F’ A) 2 —
p=1

and

I
)

n

Fr) = 2a,050, +

1t

=
Il
)

g, A) = AT, A =23 T [AITT)A, + AILTA, .
p

I
—

The RGE of the commutation relations of Eq. (37) reads

DL T,TS] = [gh (T, A). T, T8 + 005, gl (1. A)]L
D[CiT, IYT] = [0 (T, A). TYT,] + T4, g (T, A)),

(
D[AAS A AL = [g8 (T A). A, AL + [A,4). g (T, )],
“R]
(

DIALA AJA)) = [g (T, A), AJT,) + [ALA, g (T, A)),

which, following the discussion in Sec. III B, lead to (summation over 4 = 1, 2 understood)

{dL}E”_2 L (DYl v Yod]lDUdL

= Yiap Y, VY Y i VY Yl = Y gV Y 0 ¥ VY10

I [u]h [d]J
=2 ViYy vy dJkY[dJ}Y[th[d]/ 2¥ 0¥ o [V YV sV VoY
z[v YinY LV Yiai¥ iy, }Y[d]hY[ i+ 2V e [y [V"'Y[u]ly[u}hv’ Y[d]iY[dlj}’
U2
{dr} = 7 (D[Y%T],Y([)d] Y?J]ky?d} DV
= [de]iVTY[u}hY LT Fd]kY[d]l] - [de]kwY[u]hY[TthVY[dV’ Y [TdJiY[d]f}
2[Y[d]hV Y Y VY s YigeYia ]} 2[Y[d VY ¥ VYo Yig Y[d]l}
2V VY VY Vg Y] + 2 YV Y V¥ Y Vi

[dh [d]k [/

=" UuL(D[Y([)]AY?'] Yo Y([L]IDU

= YY1 VY Y gV Y gy = Y o

—2[" ¥ V'Y [u]kY[u]}Y[umY[u], 2¥ iy [VY[cu Yiga V'Y [u]kY[u]z]

+2[VY[d]hY[d]kv*,Yu,Y[u]}Y[u]hYH +2Y Yy, [VYd],Y[d] Vi Y Y MJ

VY ¥l Vi YY)

[dh
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and

{ugt = 2 U} ( [YOT Yo, Yo YO}DUuR

v
2 k!
[Yu VY Y VY s Y ¥ [u]z] - [Y'f'u]kVY[d]hY'f'd]hVTY[uuvY i [u]]}
Z[Y VY@ gV Yy Y ?u]kY[uu} —2[ VY a@nY [,V Y g Y ¥ [u]l}
+2[Y VY@ gV Y Y fu]iY[u]j} [ VY ¥ gV Y[U]h’YEru]iY[“]f] (A10)

To compute the matrix elements of Eqs. (A7)-(A10), we notice that

(V'Y Y[ u;V Y[ dlk Yianl) Z ViaV oYty a8yt = ¥iadia): (All)

and
(VY Yl V YY), Zvaqquyz LT = YEavi)- (A12)
Then, with the parameters in Eq. (62), the matrix elements (a, b) of Egs. (A7)-(A10) read

{ditar =)D ViV POy byt s — v 8yl i)

g=1 h=l1
— 203 ey YT Y Y YY) (VY — Ve i)
+ 200 YRR Y VR V) (T, = yEyee) ) (A13)

{di}ay = Z Z ViaVar L 050, = Vet (9h o Py ly = 208 i iyt = 20 ey s)

g=1 h=
— 0 = Yoyt DV Pyeeyty = 208 Vi vyt = 205 Vi vy o)} (A14)
3 n=2
(el = DD VgV 18 POVt oo = Y,y 30
g=1 h=1

= 2(¥ VeV o Y Y V) VRV = YRV
2000 YR Vs T VYRR i) 3 = YY) (A15)
and
{urtar = DD VagVi L8yt = Yyt (198 Pyt = 208 e iy, — 298 v yieyt )
g=1 h=1

— VipYie — ylil,zylf,a)(|y2,q|2yllgayl =294 th YhaYlp -2y qyl SVEaYhs) - (Al6)
For diagonal elements, a = b, the right-hand sides of Eqs. (A13)—(A16) are identically zero. For i = j and k = [, by
construction, we have in addition {gy},, = —{gx}}, (¢ = u, d, X = L, R). For illustration, we show in the following

Egs. (A13)-(Al16) for 2HDM and i =j =1, k=1=2:
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3

{di}aa, = Z Vi

ug=1

0, Vuga, {(miy, + [y [2)(mG |ng,?

2

= mg ng,[?) = 2(|ng,I* -

|nda|2)(mu,,mdb(mu,,mdb + 1, ng,)

+my mg, (my, mg, + i, ng ) +2(mg —mg )(n, ng, (my, mg, + ny, ng,) +ny,ng,(m, mq, +n, nj )},

(A17)
3
{dr}ta,a, = Z Vid, Vi, {(Ina, P = |ng, ?)(mz, +ny, [P)ma,mg, = 2(Ing, | = |ng, |*) (my, mq, (m, mg, +ny ny )
ug=1
+ muqmda (muqmdb + nuqndh» - (mglb - m%za)(m g + |”uq|2)”§n”dh
200, = 1) (g, )+ (g, + ), (A18)
3
{ML}uaub = Z Vu,ld Vi upd, {(md + |nd | )(mu,, ub|2 2) - 2(|nub|2 - |nua|2)(mdqmub(mdqmub + ndqnub>
4=
+mg m,, (mg m,, + ”Zq”ﬁa)) +2(mg, — mia)(nzq”:;,, (mg,m,, +ngn,,)+ng n, (mgm, + ”Zq”ﬁ))}v
(A19)
and
R}uauh Z Vua Vu,,d {<|nub|2 |nu,Z )(m?]q + |ndq|2) U, ub 2(|nub|2 |nua|2)(mdqmub (mdqmua + "Zl[”fta)
+ mgmy, (mg my, +ng n,,)) = (my, —me; ) ni o,
+ 2( ub - mL2¢ )(ndqnu;,<mdqmu,, + ”Z}q”ﬁa) + nfiqn::a (mdqmu,, =+ ndqnu;,))}' (A20)

The formal generalization of the conditions in this Appendix and in Sec. III to the case of models with n Higgs doublets

instead of two is almost straightforward.
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