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We explore two-Higgs-doublet models with nonstandard flavor structures. In analogy to the four well-
studied models with natural flavor conservation (type 1, type 2, lepton-specific, and flipped), we identity
four models that preserve an approximate U(2)> flavor symmetry acting on the first two generations. In all
four models, the couplings of the 125 GeV Higgs are modified in characteristic flavor nonuniversal ways.
The heavy neutral and charged Higgs bosons show an interesting nonstandard phenomenology. We discuss
their production and decay modes and identify the most sensitive search channels at the LHC. We study the
effects on low energy flavor violating processes, finding relevant constraints from B, and B; meson
oscillations and from the rare decay B, — u™u~. We also find that lepton flavor violating B meson decays

like B, — zu and B — K*)zy might have branching ratios at an observable level.
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I. INTRODUCTION

Measurements of Higgs rates at the LHC show that the
Standard Model (SM) Higgs mechanism provides the bulk
of the masses of the third-generation fermions. The decay
h — 777~ has been observed at a rate compatible with the
SM prediction [1]. Similarly, evidence exists for a SM-like
h — bb decay [2,3]. Recently, production of the Higgs in
association with top quarks has been observed in agreement
with the SM [4].

Much less is known about the origin of the first- and
second-generation masses. With the exception of the
muon, direct measurements of Higgs couplings to the light
fermions are extremely challenging. It is therefore
unknown if the light fermions obtain their mass from the
Higgs boson. A complementary approach to probe the
origin of light fermion masses is to search for signatures of
alternatives to the SM Higgs mechanism in which the light
fermion masses originate from a new source of electroweak
symmetry breaking. The simplest realization of such a
setup is the two-Higgs-doublet model (2HDM).

In [5] a 2HDM setup was proposed in which one Higgs
doublet couples only to the third-generation fermions, and
a second Higgs doublet couples mainly to the first and
second generation (see also [6-9]). A dynamical generation
of such a coupling structure can be achieved using the
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flavor-locking mechanism [10,11]. The collider phenom-
enology of this “flavorful” 2HDM scenario was discussed
in [12].

The proposed 2HDM goes beyond the principle of
natural flavor conservation (NFC) [13] and introduces
flavor changing neutral currents (FCNCs) at tree level.
However, the Yukawa couplings of the first Higgs doublet
to the third generation preserve a U(2)’ flavor symmetry,
which is only broken by the small couplings of the second
Higgs doublet. The approximate U(2)> symmetry protects
the most sensitive flavor violating transitions between the
second and first generation.

In this work we explore additional flavor structures for
2HDMs that approximately preserve a U(2)° flavor sym-
metry for the first two generations. Starting from the flavorful
2HDM scenario of [5] we “twist” the Yukawa couplings of the
down-type quarks and/or leptons by exchanging the Higgs
doublets these fermions couple to. In analogy to the four
well-studied 2HDMs with natural flavor conservation (type 1,
type 2, lepton-specific, and flipped) we obtain four flavorful
2HDMs in which the third and first two generations of each
fermion type (up-type quarks, down-type quarks, and leptons)
obtain the bulk of their mass from a different source. The
nonstandard flavor structures of these four 2HDMs lead to
(i) distinct, flavor nonuniversal modifications of all Higgs
couplings with respect to the models with NFC, and
(i1) potentially sizable flavor violating Higgs couplings
involving the third-generation fermions. This implies an
interesting characteristic collider and flavor phenomenology.
(For recent work on 2HDMs with other nonstandard flavor
structures see [14-26].)

The paper is structured as follows. In Sec. II we intro-
duce the four flavorful 2HDMs and discuss the Yukawa
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textures and the couplings of the fermions to the various
Higgs boson mass eigenstates. In Sec. III we consider the
phenomenology of the 125 GeV Higgs boson, comparing
the predicted production and decay rates in our models to
measurements at the LHC. In Secs. IV and V we evaluate
the production cross sections and decay branching ratios of
the heavy neutral and charged Higgs bosons. We then
compare the model predictions to the limits from current
searches for extra Higgs bosons that are being performed at
the LHC and identify the most sensitive collider probes of
the models. In Sec. VI we investigate the characteristic
effects of the new sources of flavor violation on low energy
flavor violating processes such as meson mixing and rare B
meson decays. We conclude in Sec. VII.

II. FLAVORFUL TWO-HIGGS-DOUBLET MODELS

One of the simplest realizations of a viable alternative
framework of mass generation is 2HDMs with one doublet
coupling only to the third generation, and a second doublet
coupling mainly to the first and second generation. Such a
setup was proposed in [5] (see also [6-9]). The masses of
the SM fermions arise from two sources: the vacuum
expectation values of two-Higgs doublets ¢ and ¢'. The
relevant part of the 2HDM Lagrangian is

_LZHDMDZ(’IZ qiu j)&+’1g(‘_1idj)¢+/1fj(;ﬂi€j)¢)+H'C'
Z (A(Giuy)d + 25 (Gid ;) + 25 (Zie)d)
+H.c., (1)

where ¢! = io,(¢")*. The three generations of quark
and lepton doublets are denoted by ¢; and ¢;, and u;, d;,
and e; are the up quark, down quark, and charged lepton
singlets, respectively. The 4 and A’ matrices are the Yukawa
couplings.1

The above setup for the Higgs couplings violates the
principle of natural flavor conservation. Both of the Higgs
doublets couple to the leptons, the up-type quarks, and the
down-type quarks, leading to FCNCs at tree level.

A. Yukawa textures

We are interested in Yukawa couplings beyond NFC that
do not introduce an unacceptably large amount of flavor
violation. This can be achieved by demanding that one set
of the Yukawa couplings preserve a U(2)> flavor sym-
metry, acting on the first two generations. In this case,
flavor transitions between the first and second generation

'We do not consider neutrino masses and mixing in this work.
Neutrino masses could for example originate from a standard
seesaw mechanism (with heavy right-handed neutrinos far above
the TeV scale). In such a case none of the observables considered
in our study will be affected in any significant way.

are protected. Such transitions are absent at first order in
flavor symmetry breaking and arise only at second order as
an effective (2 — 3) x (3 — 1) transition. As we will discuss
in Sec. VI, effects in neutral kaon and D meson oscillations
are indeed typically well below present constraints.

We consider the following set of Yukawa matrices in the
flavor basis’:

m, m, m, 00 O
2 2
Au12~\[ m, m, m, | ,1L,3~£ 00 0|
' vu UM
2 \m, m, m, N0 0 m,
(2a)
V3 my Amg Amy, V3 0 0
Aa,~—— | mg mg Pmy |, Agy~—1]0 0 .
' vdl,z Ud3
my mg; My 00 m,
(2b)
5 m, m, m, 3 00 O
ﬂfl.ZNU— m, m, m, |, }%Nv— 0 0 O
“2\ m, m, m, “\o o m,
(2¢)

Due to the rank 1 nature of the 4,,,, 44,, 4., Yukawa couplings,

the U(2)? flavor symmetry acting on the first two generations
is only broken by the small 1, L Adlz’ Ae . Yukawa couplings.
Such a pattern of textures can be obtained using e.g., the
flavor locking mechanism [10,11]. Note that the above
Yukawa couplings contain additional structure that is not
dictated by the approximate U(2)’ flavor symmetry. Our
choice is motivated on the one hand by simplicity (the
Yukawa matrices do not contain any unnecessary hierar-
chies) and on the other hand by robustness: the entries in the
Yukawa couplings of the first and second generations are
chosen such that the mass eigenvalues reproduce the
observed values without any tuning. The structure in the
down sector leads naturally to the observed pattern in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
Alternatively, the CKM matrix could also be generated in the
up sector, but we will not consider this option here as it
requires additional hierarchies in the up Yukawa coupling.
The entries in the above matrices are given up to O(1) factors
that, in all generality, can be complex.

The vacuum expectation values »; in Egs. (2a)-(2c)
correspond to either v or v/, depending on the model under

’In this work we discuss the phenomenological implications
of this specific set of Yukawa matrices. There are certainly
other Yukawa textures that preserve an approximate U(2)
flavor symmetry and that can reproduce the observed fermion
masses and mixings. Such textures might lead to a different
phenomenology.
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TABLE I. Summary of the way in which the SM quarks and
leptons couple to the two-Higgs doublets ¢ and ¢’ in each of the
considered models. In the models with natural flavor conserva-
tion (A), all generations of each type of fermion couple to the
same Higgs doublet. In the flavorful models (B), the third
generation and the first two generations couple to different Higgs
doublets.

Model upp u3 dis d; €12 ex
Type 1A ® O®© © @ b b
Type 1B ¥ o o & o O
Type 2A ® o o o o @
Type 2B ¥ o o @ o @
Flipped A 0] (0] @ o] 0] 0]
Flipped B ¥ o o© @ P b
Lepton-specific A 0] 0] (0] (0] (ol (ol
Lepton-specific B @ (0] g (0] 0] @’

consideration. The Yukawa couplings for the third or first
two generations are identified with the 4 and A’ couplings
introduced in Eq. (1), accordingly. Without loss of general-
ity, we denote the Higgs doublet that couples to the top
quark with ¢ [27], ie., v,, = v, v,,, = v and 4,, = A",
Au,, = A". This leaves us with four distinct “flavorful”

possibilities to assign the two-Higgs doublets to the down-
quarks and leptons. In analogy to the four well-known
2HDMs with natural flavor conservation (that we refer to as
type 1A, type 2A, lepton-specific A, and flipped A, in the
following) we denote our four flavorful models as type 1B,
type 2B, lepton-specific B, and flipped B. The type 1B
model was studied in some detail in [5,11,12]. The
coupling structure of all four flavorful models is summa-
rized in Table L.

Rotating the fermions into mass eigenstates, we define
the following mass parameters:

/

v v
qu/=ﬁ<qL|ﬂ“|q§e>, m;”q/=%<qL|ﬂ’”lq§e>, (3)

with quark mass eigenstates ¢, ¢’ = u, ¢, t. These mass
parameters obey mg. + m’q”q, = m,0,y, Where m, are the
observed up-type quark masses. Analogous definitions and
identities hold for the down-type quarks and the charged
leptons. We derive expressions for the m’ mass parameters
in the mass eigenstate basis that automatically reproduce
the observed fermion masses and CKM matrix elements.
We find the following values for the up mass parameters in
all four types of flavorful models:

2 2
Ml =my + O(1) x 2l =m, + O(1) x =<,
m; m,

mj, = O(1) x m,, (4a)

muc:"%(]w(l)xn%),

m; m;

my; = O(1) xm,, me; = O(1) xm,  (4b)

/ /
m’., _ e (1 +0(1) ch>7

my m;

m;, = O(1) x m,, my. = O(1) x m.. (4c)

For leptons we find analogous expressions for the off-
diagonal mass parameters in all four types:

!/ !
e (1 o).
m

my

[A—
My, =

m,, = O(1) xm (5a)

7Kl

m), m. m
my, =+ (1 +0(1) x—”),
m, m,

my, = O(1) x m,, my, = O(1) x m,.  (5b)

i

However, the diagonal mass terms depend on the type of
flavorful model:

type 1B, flipped B
m,, =
ee

m, + O(1) X’:T%
O(1) x

m;

type 2B, lepton-specific B ,
(5¢)

m, + O(1) x Z—ﬁ type 1B, flipped B
! _ T
My =

O(1) x :"n—*z‘ type 2B, lepton-specific B
(5d)
) o(1) xm, type 1B, flipped B
e = m, + O(1) x m, type2B, lepton-specific B~

(Se)

Finally, for the down quarks we find for all four types

= O()xmy,  my = mzsv:fd<1 L o(1) x ,’jj)

(62)
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The diagonal entries and the remaining off-diagonal entries depend on the type of model:

my —my, Vi, (1 + O0(1) x :Z—) type 1B, lepton-specific B
Myq = ) (6¢)
-my V5, ( +0(1) x ’"{) type 2B, flipped B
mg —mj), Vi (1 +O(1) x :Z—;) type 1B, lepton-specific B
—ml, Vi, ( +o(1) x ) type 2B, flipped B
O(1) x my type 1B, lepton-specific B
My, = . ’ (6e)
my, + O(1) x m, type 2B, flipped B
-Vim,, (1 +0(1) x :Z—;) type 1B, lepton-specific B
my, = ’ (6f)
YVim, (1 ro( ) type 2B, flipped B
Vi, (1 O(1) x ) type 1B, lepton-specific B
My = (6g)
Vim, (1 ) type 2B, flipped B

As we assume that the CKM matrix is generated in the
down sector, the CKM elements V,, and V,, appear in
several of the down-type mass parameters.

The O(1) terms in the above expressions are free param-
eters that in general can be complex. Itis worth noting that due
to those O(1) terms, the off-diagonal mass parameters 11
and mg ; need not be the same for any type of fermion. It is
also important to note that in all cases the mass parameters that
are responsible for flavor mixing between the first and second
generation are suppressed by small mass ratios and not
independent from the mass entries that parametrize mixing
with the third generation. All (2 — 1) mixing is given by an
effective (2 — 3) x (3 — 1) mixing. This is a consequence

|

Lc- Z Z(]_CiPRfj)(h(

f=dz ij
(Vi) =

= V2 ((diPruy)H™

Y‘Z)ij + H(Y‘;I)ij -

(#;Prd;)H*(YY),;

For the flavor diagonal and off-diagonal couplings of the
neutral Higgs bosons to leptons one finds

!
mgj <Ca mf.f. Cﬂ—a)
— =5, ——J = , (8)
w Y

of the breaking of the U(2)> symmetry by only one set of
Yukawa couplings.

B. Couplings of the Higgs bosons

Next, we discuss the couplings of the physical Higgs
bosons in the four different models. We largely follow the
notation and conventions in [12] and state only the relevant
results.

The part of the Lagrangian that parametrizes the cou-
plings to the three neutral scalars, i, H, and A (we identify
h with the 125 GeV Higgs), as well as the charged Higgs
H* to mass eigenstate fermions, is written as

iA(Y});) + Hee. - Z(ﬁiPRuj)(h(YZ)ij +H(Yy),; +iA(Yy);) + He.

iJ

— (5;Pr¢;))H*(YL),;) + Hee. (7)

/
My, m 1 ;1
K?.f» U= (Yf:)ii S <—_5/ —f'f, —> (10)
Y vy : Dy t/} ’ Wlfj SpCp

where we introduced the coupling modifiers x with
respect to the SM Higgs couplings. We use the notation
¢y =cosg, s, = sing, and 14 = tan ¢. The angle a para-
metrizes the mixing between the neutral CP-even compo-
nents of the two-Higgs doublets and tanf = v/v' is the
ratio of Higgs vacuum expectation values. Completely
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TABLE II. The leading order flavor diagonal coupling modifiers of the 125 GeV Higgs h.

Model K(’/ K’,}3 Kl > K’[}z K‘Zl , K§3 K?l 2
Type 1A S CalSp CalSp CofSp ColSp CofSp CalSp
Type 1B Spa CalSp —Sq/Cp CofSp —Sq/Cp CofSp —Sq/Cp
TYPe 2A Sp-a C(z/sﬂ C(z/sﬂ _sa/cﬂ _s(l/cﬁ _Sa/cﬁ _su/cfi
Type 2B Spa Cal Sp —Sq/Cp —Sq/Cp Cal Sp —Sq/Cp CalSp
Fl%pped A S ColSp Col/Sp —Sq/Cp —Sq/Cp CofSp Col/Sp
Flipped B Spea ColSp —Sq/Cp —Sq/Cp Col/Sp CofSp —Sq/Cp
Lepton-specific A S CalSp ColSp CofSp ColSp —Sq/Cp —Sq/Cp
Lepton-specific B Sp_a CalSp —Sq/Cp CofSp —Sq/Cp —Sq/Cp ColSp

analogous expressions hold for the neutral Higgs couplings
to the up-type and down-type quarks.

Ignoring neutrino mixing (which is of no relevance for
our study) one finds for the charged Higgs couplings to
leptons

LM ey M (L M
e, =)y =— -6 +————|.
Y Uw Dy t/} I’ﬂfj SpCp

In the expressions for the charged Higgs couplings to
quarks, the CKM matrix V enters. We find

A

(11)

Kt m”j Ve = (Yu)
diu; vw ujd; — +/ij

/
= M, V* _l 4 Z My Vzkdi 1
AN Vid ¢/

(12)

iy (1 PV
= i\ L, V)
w s G ma; Via, Spcp

(13)

All of these expressions for the couplings are completely
generic and can be applied to any of our flavorful models.
The only terms that change in the different models are the
m’' mass parameters, as given in Egs. (4)—(6).

In Tables II-IV, we show the leading order coupling
modifiers for the flavor diagonal couplings of the Higgs
bosons k; =k; as an expansion in 1/ms3, where
my = m,, my,, m,. We compare the coupling modifiers of
all four flavorful 2HDM types to those of the four 2HDM
types with natural flavor conservation. As is well known,
the coupling modifiers are flavor universal in the models
with natural flavor conservation. In the flavorful models the
modifiers are flavor dependent and differentiate between
the third generation and the first two generations.

III. LIGHT HIGGS PHENOMENOLOGY

A. Constraints from Higgs signal strength
measurements

The introduction of a second doublet alters the couplings
to the 125 GeV Higgs boson /4 as shown in Table II as well
as Eq. (8). We can compare the Higgs production and decay
rates predicted by our models to those measured by ATLAS
and CMS in order to constrain the new physics param-
eter space.

TABLE III. The leading order flavor diagonal coupling modifiers of the heavy scalar Higgs H.

Model Kl ki S Kl K K K7
Type 1A Chg Sa/Sp Sqa/Sp Sq/Sp Sa/Sp Sq/Sp Sa/Sp
Type 1B Chg SalSp co/cp Sq/Sp co/cp Sq/Sp co/cp
Type 2A Chg SalSp SalSp co/cp co/cp co/cp co/cp
Type 2B Cha Sa/S/; ca/cﬁ C(z/cﬂ sa/s/i ca/cﬂ sa/s/i
thped A Cha sa/s/} S(z/sﬂ C(z/cﬂ Ca/cﬁ S(z/sﬂ Sa/s/i
thped B Cﬂ—a sa/s/} C(I/Cﬁ Ca/cﬁ Sa/sﬁ S(z/s/} Ca/c/i
Lepton-specific A Chg SalSp Sa/Sp Sq/Sp Sa/Sp co/cp co/cp
Lepton-specific B Chg Sa/Sp co/cp Sq/Sp co/cp Co/Cp Sa/Sp
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TABLE 1IV. The leading order flavor diagonal coupling modifiers of the pseudoscalar Higgs A and charged

Higgs H*.

Model Kﬁ.?’ Ki”} Kz’jll’ Ki”].z Kﬁs’ Kids Kﬁ]l’ Ki'dl.z K?,%’ Kl:/t}f3 C100 Kuotr,
Type 1B —l/t/; t/; —l/t/,’ —l/t/} —l/t/; l‘/}
Type 2A —1/[/3 —1/[/3 f/} f/} [/; [/;
Lepton-specific A =1/t —1/tg =1/t =1/t tg tg
Lepton-specific B —1/1 tg =1/t 1y tg =1/t

To determine the constraints from the measured Higgs
signals we construct a y? function:

= Z <(6 x BR);" (o x BR)?SM)

(6 x BR)®™ (6 x BR)?M

P

((o xBR)S (0 BRﬁSM) vl (14)

(6 x BR)™M (o x BR)M i

where (6 x BR);™, (6 x BR)?, and (¢ x BR)®*M are the
experimental measurements, the Standard Model predic-
tions, and flavorful 2HDM predictions, respectively, for the
production cross sections times branching ratio of the
various measured channels.

The ratios of experimental measurements and SM
predictions that enter Eq. (14) are given by the signal
strength modifiers that are reported by ATLAS and CMS.
The SM predictions for the production cross sections and
branching ratios are taken from [28]. The ratios of BSM
and SM predictions for individual channels can be obtained
in a straightforward way as functions of the coupling
modifiers. For the gluon-gluon fusion production (ggf);
vector boson fusion production (VBF); production in
association with W and Z bosons (Wh, Zh); and production
in association with top quarks (tth), we have

UBSfM

Uggb? =~ 1.065(k})* 4 0.002(k})* — 0.067(x}) (k7). (15)
&g

OV _ OWn _ oo = (kh)? O = (k2 (16)

oVEF OWn 7 S

where for the loop-induced gluon-gluon fusion we take into
account the top and bottom contributions at one loop. For
tree level decays, the partial widths simply scale with the
appropriate coupling modifiers. In the case of the loop-
induced & — gg decay width we take into account the top
and bottom contributions at one loop. (We explicitly
checked that loops with lighter quarks do not lead to
any appreciable effects.) For 4 — yy we consider W, top,

and bottom loops. We neglect charged Higgs loops, that are
typically tiny, giving [29]:

BSM
Mow _T9Y (k)2 lﬁf]‘ = (kh)?
sM - '™ A\t M = \K¢)os
ww* 7z fr
for f =b,7,c,5,u, (17)
BSM
2~ 1.065(k!) 4 0.002(x)? — 0.067 (k) (k7). (18)
99
BSM
o~ 1.640(x ) 4 0.080(k} ) — 0.725(xty) (k')
r
+ 0.006(x% ) (k) — 0.001 (k) (x1). (19)

The covariance matrix in Eq. (14) contains the exper-
imental uncertainties and (where available) the correlations
among the uncertainties. We assume that theory uncertain-
ties in the ratio of BSM and SM predictions are negligible
compared to current experimental uncertainties. We take
into account the Higgs signal strengths from the LHC run 1
combination [30], as well as several individual run 2
results, in particular measurements of h — ZZ* [31,32],
h— WW*[33,34], h — yy [35,36], h = 77~ [1], h = bb
[2,3], and h — utu~ [37,38]. We also include results on
Higgs production in association with top quarks [39-41].
(See [42,43] for recent Higgs signal strength studies of
2HDMs with natural flavor conservation.)

The couplings of h are largely determined by the
parameters a and . Subleading corrections enter through
the m’ mass parameters; see Eq. (8). We use the y* function
to put constraints on the @ and # parameters, allowing the
O(1) coefficients in the subleading corrections to vary in
the range (-3, 3). The allowed regions in the cos(f — @) vs
tan # plane that we obtain in this way are shown in Fig. 1.
The dark (light) green regions correspond to the 1o and 26
allowed regions (that we define as Ay? = y*> — y3\ < 1,4)
in the four flavorful models. We also compare these regions
to the 20 constraint in the corresponding models with
natural flavor conservation (dashed contours). The plot for
the type 1B model updates the corresponding result in [12].
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type 1B

100 F

tanf

-

03¢t

cos(f-a)

lepton—specific B
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100 F

30F

tanf

03E

cos(f-a)

FIG. 1.

204 —02 00 02 04

type 2B
100 F i
30
10
Q. [
= [
8 [
3 .
1k
03k
-04 -0.2 0.0 0.2 04
cos(f-a)
flipped B
100 F i E
3 ! 3
[ H
r 1
30 5
10 9
Q F ]
= [
8 [
3 . -
1k 1
03k =
-04 02 04

Constraints on cos(ff — a) vs tan  based on the results from the LHC measurements of the 125 GeV Higgs signal strengths.

We show both the 16 and 26 regions for the four flavorful models in green. We allow the mass parameters to vary up to a factor of 3 times
their expected values. For comparison, the 2¢ regions in the corresponding models with natural flavor conservation are shown by the

dashed contours.

The couplings of the 125 GeV Higgs to the third-
generation fermions are already constrained by current
data to be SM-like at the level of 10%-20%. By coupling
the = and/or b to the second doublet (as in the type 2B,
lepton-specific B, and flipped B models), we therefore find
the parameter space to be more strongly constrained than in
the type 1B model. Note that in those models there are two
distinct regions of parameter space: one region close to the
alignment limit cos(ff—a)~0, where the mixing between
the 125 GeV Higgs and heavy Higgs is tiny and all &
couplings become SM-like, and a second narrow strip
where the bottom and/or the tau coupling have opposite
sign with respect to the SM prediction. The constraints for
the type 2B and flipped B models are very similar, implying
that the bottom coupling (which largely determines the total
width of %) is the most important factor in determining the
parameter space of these models. Generally, as tan § gets
very large or very small the x values can deviate substan-
tially from 1, resulting in strong constraints. Moderate
values for tan # are the least constrained.

Currently, the only decay of the Higgs into a non-third-
generation fermion which has been constrained in a
relevant way at the LHC is the decay to utu~ [37,38].
However, the current sensitivities to the 7 — uu~ decay
are not sufficient to impose strong constraints on our
parameter space, yet. Future precise measurements of
h — pu~ can potentially constrain large parts of the open
parameter space of the type 1B model. The type 2B and
flipped B models will be mainly constrained by improved
measurements of 4 — bb. For the lepton-specific B model,
future precision measurements of 7 — 7~ will give the
most relevant constraints.

B. Flavor violating decays

Along with altering the flavor diagonal couplings of the
light Higgs, the introduction of the second doublet also
introduces flavor violating couplings of % to the fermions.
We expect in our models a number of FCNC decays that are
extremely suppressed in the SM, most notably rare top
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decays t — ch and t — uh as well as lepton flavor violating
Higgs decays h — 7y, h — e, and h — pe.

In all four flavorful models the branching ratio of t — ch
is given by

BR(f — hc) =

2
2m ﬂ a |m;‘c|2+ "n/ct|2
(1 _mh/m )2
(1- mW/mt) (1+ 2mW/m,2)
E

c2 2
~7.0x 107 x Sﬁ;‘z’ ('m’; + |m‘;| ) (20)
5Cp

mg me

From our study of Higgs signal strength measurements
described in Sec. III A we find in all four flavorful models
the constraint | ‘/’ — < 2.5. Combined with the generic expect-
ation mj, ~ mct ~m,, this implies that BR(z — hc) is
typically not larger than ~few x 107>, While this is much
larger than the SM prediction of O(1071%) [44], it is below
the current and expected sensitivities at the LHC [45,46].
The decay t — hu is further suppressed by the up-quark
mass and generically not larger than 10719, i.e., far below
any foreseeable experimental sensitivity. Rare top decays
could have much larger branching ratios if the CKM matrix
is generated in the up sector.

The branching ratio for the rare Higgs decay h — tu =
h— ttu~ + 7 u" is given by

2 2 2
(/’l—>’l‘/,t) my, m s’g ‘mm| |m/n|
8ﬂrh UW /)» Vi
2
C
~23x107* x 2=

a Imwl2 ImLTI2
2.2 >t 5 |
sﬂcﬂ m m

(21)

where ['), ~4 MeV is the total Higgs width. This expres-
sion holds in all four flavorful models, and we generically
expect branching ratios up to ~1073. This has to be

compared to the current bounds on this branching ratio
from CMS [47] and ATLAS [48]:

R(h — T/,t)CMS <2.5x 1073,
BR(h = 1) smias < 143 X 1072, (22)

Future searches for 7 — ru will start to probe interesting
new physics parameter space.

In all our models, the branching ratio of & — ze is
suppressed by a factor of mZ/m’ ~107> compared to
h — zu and is therefore outside the reach of foreseeable
experiments. The branching ratio of 4 — pe is further
suppressed and generically not larger than 1070

IV. HEAVY NEUTRAL HIGGS PRODUCTION
AND DECAYS

We expect a distinct collider phenomenology for the
heavy Higgs bosons in each of our models. In contrast to
models with natural flavor conservation, flavor alignment,
or minimal flavor violation [13,29,49-52], the coupling
modifiers of the heavy Higgs bosons to fermions are not
flavor universal. The difference is particularly striking
for moderate and large tan . As shown in Table III, for
cos(ff —a) ~0 and tan > 1, whenever the coupling to a

: : : : sina
thlrd -generation fermion is suppressed by a factor np

o ﬂ, the couplings to the corresponding first- and second-

generation fermions are enhanced by a factor ig;}; ~ tan f3,
and vice versa. Depending on the type of flavorful model, a
specific set of fermions can dominate the decay of the
heavy Higgs bosons and cause different types of production
modes to be more or less relevant. In the following we will
focus on the type 2B, lepton-specific B, and flipped B
models. The collider phenomenology of the type 1B model
has been discussed previously in [12].

For the numerical results that will be presented in this
section as well as in the subsequent charged Higgs section
we will consider a fixed set of m’ mass parameters. To
choose m’ parameters in the up and lepton sectors, we start
with the Yukawa textures from Eqgs. (2a) and (2c), setting
all free O(1) parameters to +1. The precise values for m,, ..,
and m, , . in Egs. (2a) and (2¢) are then fully determined by
demanding that the mass eigenvalues reproduce the known
fermion masses (we use MS masses at a scale of 500 GeV).
In the down sector, the entries in Eq. (2b) of O(imy),
O(A*my,), and O(2*m,,) are chosen to reproduce the CKM
matrix. The m, ; , parameters in Eq. (2b) are determined by
the known down-quark masses, setting the remaining free
O(1) parameters to +1. Generically, choosing different
O(1) parameters does not lead to a qualitative change of
the heavy neutral and charged Higgs phenomenology. We
will discuss the quantitative impact of varying the O(1)
parameters where appropriate.

A. Production cross sections

Aswehaveseenin Sec. III A, the type 2B, lepton-specific B,
and flipped B models are strongly constrained by Higgs signal
strength measurements. In order to have maximal freedom
in choosing a value for tan , we will limit our discussion
to the decoupling limit and thus set cos(ff—a) = 0.’

As shown in Fig. 1, there are also tuned narrow strips of
parameter space beyond the decoupling limit of the type 2B, lepton-
specific B, and flipped B models that are allowed by Higgs signal
strength data. In those regions of parameter space the bottom and/or
the tau couplings of & have opposite sign with respect to the SM
prediction. A detailed study of the heavy Higgs phenomenology in
these “flipped sign scenarios” is beyond the scope of this work. (See
e.g., [53-56] for corresponding studies in other 2HDM scenarios.)
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In this limit the couplings of the heavy scalar and pseudoscalar
Higgs to fermions are identical and, furthermore, their
couplings to gauge bosons vanish. The main production
modes of the heavy neutral Higgs bosons are therefore
gluon-gluon fusion, production in association with tops
or bottoms, and direct production from a ¢g’ initial state.
Vector boson fusion and production in association with gauge
bosons is absent.

We compute the cross section of the gg' — H processes
by convoluting the leading order parton level cross section
with the appropriate MMHT 2014 quark parton distribution
functions (PDFs) [57]

T

0(q,q9;, —» H) = 125 (l(Y?-I)ij|2 + |(Y?-1)ji|2)

14 2
< Sren(E). @

where s is the center of mass energy of the protons. We take
into account ¢¢, bb, b3, and sb initial states. Given the small
couplings to the lighter quark generations, we find that the
remaining possible quark combinations are always subdomi-
nant (despite the larger PDFs). We do not include higher
order corrections where one or two b quarks appear in the
final state, keeping in mind that such processes might modify
our bb — H and bs — H results by an O(1) amount [58].
In the type 2B and flipped B models, we expect that the
bb — H production is the most relevant for moderate and
large tan g3, thanks to the enhanced couplings to bottom
quarks. Production from initial state charm benefits from
slightly larger PDFs but is suppressed by the significantly
smaller charm mass. In the lepton-specific B model instead,
we expect c¢ — H to dominate for moderate and large tan f3,
as the couplings to the bottom are suppressed.

We estimate the gg — H production cross section by
scaling the corresponding cross section of a heavy Higgs
with SM-like couplings from [28] by the ratio of the
leading order H — gg partial width in our model and a
heavy Higgs with SM-like couplings. We take the expres-
sion for the partial width from [59].

Top associated production arises from diagrams like
those shown in Fig. 2. The corresponding cross section is
identical for all four flavorful models. We use the cross

section from [12], which was obtained by summing over
the initial state quarks u and ¢ and convoluting the parton
cross section with the appropriate PDFs.

The plots on the left-hand side of Fig. 3 show the various
production cross sections for the three considered types of
models as function of tanf, for a fixed Higgs mass of
my = 500 GeV, and cos(f —a) = 0. In the type 2B and
flipped B models, production involving bottom quarks is
typically most relevant, while in the lepton-specific B
model either production from c¢ or gluon-gluon fusion
dominates. For large tan f, the gluon-gluon fusion produc-
tion is subdominant in all cases due to the suppressed Higgs
coupling to tops. Gluon-gluon fusion is minimal for
intermediate values of tan 8 ~ 15, where the heavy Higgs
coupling to tops accidentally vanishes. The precise location
of the minimum depends on the choice of m’ parameters
and can shift by an O(1) factor. For large and small tan j3
the shown production cross sections are robust with respect
to O(1) changes in the m’ parameters.

Overall, the total production cross section of a heavy
Higgs of mass 500 GeV ranges from several hundred fb to
several pb in the type 2B and flipped B models, and from
tens of fb to several pb in the lepton-specific B model. The
results for the type 2B and flipped B models are very
similar to the corresponding models with natural flavor
conservation. The reason is that the dominant production
modes are governed by the top and bottom couplings that
behave very similarly in those type A and B models. The
results for the lepton-specific B model, however, differ
markedly from the corresponding results of the lepton-
specific A model. In the type A model, all couplings to
quarks are universally suppressed by 1/tanf, leading to
tiny production cross sections. In the type B model the
couplings to charm are enhanced, leading to an appreciable
amount of heavy Higgs production.

B. Branching ratios

The heavy Higgs bosons can in principle decay to SM
fermions, to the SM gauge bosons, and to other Higgs
bosons. In the decoupling limit cos(f — a) = 0, the decays
of H and A to final states with massive vector bosons
vanish. Decays into photons and gluons are loop sup-
pressed and typically tiny. We assume that the heavy Higgs

g

FIG. 2. Feynman diagrams for the production of a Higgs boson in association with a quark.
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Production cross sections at 13 TeV proton-proton collisions (left) and branching ratios (right) of the heavy scalar Higgs with

mass my = 500 GeV in the type 2B model (top), lepton-specific B model (center), and flipped B model (bottom) as function of tan . In

all plots we set cos(ff — a) = 0.

bosons are sufficiently degenerate, such that decays into
each other are kinematically forbidden. The decay into two
light Higgs bosons is in principle possible. The corre-
sponding trilinear couplings depend on the couplings in the

Higgs potential and can be made arbitrarily small. In the
following, we will only consider decays into fermions.
Generically, the decay widths of the heavy scalar H to two
fermions are
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F(H_)fifj):F<H_)fi}j+fj]_€i>

o (AN FANDNRNEY)

where we assumed that the mass of the fermions is
negligible, my j, <K my. The color factor is N. =1 for

leptons and N, = 3 for quarks. This expression is suffi-
ciently generic to describe both flavor conserving and
flavor violating decays. In the case where one or both of the
fermions are top quarks, top mass effects have to be
included, resulting in the decay width:

N.m m?\ 2
T — 1) = 52 (1= 2 (Vg + |73

’ (25)
[(H - ff) = N;’:H [(1 Z}f)%Re((YH)B)Z
+ (l - %)%m((Yﬁ,)%)z} (26)

We show the branching ratios of the heavy Higgs as a
function of tanf in the plots on the right-hand side of
Fig. 3. The heavy Higgs mass is set to my = 500 GeV and
cos(ff — a) = 0. The main decay modes of the heavy Higgs
to the fermions are easily understood from Table I, that
shows to which fermions the ¢’ doublet couples. In the type
2B and flipped B models we expect the bb decay to
dominate at large tan /. For the lepton-specific setup we
expect the 777~ decay to be the primary branching ratio.
In the flipped B model, the 777~ decay is instead strongly
suppressed. For low tanpf, decays into ¢/ dominate (if
kinematically allowed). These are the same patterns as in
the models with natural flavor conservation.

In contrast to the models with natural flavor conserva-
tion, decays involving charm quarks (c¢ and cf) can have
branching ratios of O(10%) in all three flavorful models.
Also the decay into 77 has branching ratios of several
percent for large tan /3, due to terms in the coupling of the
heavy Higgs to tops that are proportional to m, tan 5. For
tan f =~ 15 there can be a cancellation between the leading
1/ tan 8 suppressed term and the m, correction, leading to
an accidental vanishing of the 7 branching ratio.

Also lepton flavor violating decays can arise. In the
lepton-specific B model, we find that the decay zu can have
branching ratios of up to ~1%. In the type 2B and flipped B
model, the branching ratio of this decay mode is smaller by
a factor of a few, as it has to compete with the dominant
decay into bb.

The branching ratios of flavor diagonal decay modes like
bb, 777, and ¢¢ are fairly robust against changes in the m’
mass parameters. The branching ratios of flavor violating

decays can change by a factor of a few if the relevant m’
parameters are modified by an O(1) amount.

In the decoupling limit, the scalar and pseudoscalar
Higgs couplings are identical. Consequently, the produc-
tion cross sections and branching ratios of the pseudoscalar
Higgs are very similar to the scalar Higgs and we do not
show the plots for the pseudoscalar.

C. Constraints from direct searches

Having examined the main production and decay modes
of the heavy neutral Higgs bosons of the flavorful models
we now compare results from current heavy Higgs searches
at the LHC with the model predictions. We find the most
relevant constraints come from

(i) searches for H — t™¢~ with the Higgs produced

either in gluon-gluon fusion, or in association with b
quarks (ATLAS 13 TeV with 36.1 fb=! [60] and
CMS 13 TeV with 2.2 fb~! [61]);

(i1) searches for low mass dijet resonances (ATLAS

13 TeV with 3.6 and 29.3 fb~! [62]);
(iii) searches for bb resonances (CMS 13 TeV with
35.7 fb=! [63] and CMS 8 TeV with 19.7 fb~! [64]);
(iv) searches for dimuon resonances (ATLAS 13 TeV with
36 fb~! [65] and CMS 13 TeV with 36 fb~! [66]).

In Fig. 4 we show the ratio of the experimentally
excluded rate (o x BR),,, to the rate predicted in our
flavorful 2HDMs (6 x BR)ggy as function of the heavy
Higgs mass for a benchmark scenario with tanf = 25
and cos(ff — a) = 0. If this ratio is below 1, the model is
excluded for the given set of parameters.

Concerning the experimental searches that target Higgs
production in association with bottom quarks, we estimate
the theoretical production cross section from bb — H,
keeping in mind that higher order corrections might change
the result by an O(1) amount. The corresponding constraints
in the plots of Fig. 4 are labeled with the subscript “bbE.” If
experimental constraints assume gluon-gluon fusion produc-
tion, we take into account both gluon-gluon fusion and also
production from c¢¢, which should lead to the same exper-
imental signature. The corresponding constraints are labeled
“ggF” If no particular production mode is singled out by the
experimental search, we add up all the production mecha-
nisms. For each individual channel we show the strongest
constraint among the considered experimental analyses.

We observe that for tanf = 25 the type 2B and the
lepton-specific B models are strongly constrained by
searches for heavy Higgs decaying to a 77~ final state.
Heavy Higgs masses up to ~1 TeV (type 2B) and up to
~500 GeV (lepton-specific B) are already excluded in this
case. The constraints are much weaker in the flipped B
model. Searches for dimuon, bb and dijet resonance
searches have sensitivities that start to approach the model
predictions, but currently do not exclude parameter space
with tan f = 25.
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FIG. 4. Exclusions for the heavy Higgs as a function of its mass my for tan f = 25 and cos(ff — @) = 0. Cross section ratios smaller

than 1 are experimentally excluded.

Note that the excluded mass ranges are extremely
sensitive to the values of tanf. For large tanf the
production cross sections in all models are approximately
proportional to tan® 3. So, the cross section ratios quickly
go below the exclusion line. However, as tan 8 becomes
small the constraints generically get weaker and the
constraints in the type 2B and lepton-specific B case can
be easily avoided.

V. CHARGED HIGGS PRODUCTION AND DECAYS

The collider phenomenology of the charged Higgs in
the type 1B model has been discussed previously in [12].
Here we discuss the phenomenology of the charged
Higgs in the type 2B, lepton-specific B, and flipped B
models.

A. Production cross sections

As for the neutral Higgs bosons, the main production
mode is again primarily from ¢g’ fusion. We estimate these
cross sections using an expression analogous to Eq. (23)

along with the MMHT 2014 PDFs [57]. Also production in
association with a top quark (see diagrams in Fig. 2) can
become important. The corresponding production cross
section is taken from [67].

We show the production cross sections as a function of
tan f in Fig. 5. As an example, we use the charged Higgs
mass my+= = 500 GeV and set cos(f — a) = 0.

At low tanf, the production in association with a top
quark dominates in all three flavorful models. In the type
2B and flipped B models production in association with a
top quark remains dominant, and also for large tan f due to
the enhanced couplings to the bottom in this region of
parameter space. In the lepton-specific B model, however,
large tan implies suppression of both top and bottom
couplings and the top associated charged Higgs production
is suppressed.

We find that the charged Higgs production from ¢g’
fusion is dominated by initial states containing charm
quarks. All three combinations cb, cs, and cd have
production cross sections of the same order of magnitude.
While the coupling to cd is suppressed by a factor of ~V .,
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Production cross sections at 13 TeV proton-proton collisions (left) and branching ratios (right) of the charged Higgs with mass

my= = 500 GeV in the type 2B model (top), lepton-specific B model (center), and flipped B model (bottom) as a function of tan /. In all

plots we set cos(ff —a) = 0.

compared to the c¢b and cs couplings, this suppression
is partially compensated by the larger down PDFE
Furthermore, the ¢g’ production cross sections are mainly
determined by couplings of the charged Higgs involving

right-handed charm quarks. Those couplings have the same
scaling with tanf for all three flavorful models and we
indeed observe that also the corresponding cross sections
are approximately equal in the three models.
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FIG. 6. Exclusions of the charged Higgs for the low mass region (left) based on top decays and high mass regions (right) based on
direct charged Higgs production as a function of the charged Higgs mass m - for tan # = 25 and cos(ff — @) = 0. Cross section ratios
smaller than 1 are experimentally excluded.

This is particularly interesting for the lepton-specific B is tiny. In the “B-type” of the model, however, the enhanced
case. In the lepton-specific A model, all couplings to quarks  couplings to charm open up the possibility to directly probe
are suppressed at large tan /3, and charged Higgs production  this region of parameter space at the LHC.
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B. Branching ratios

In the considered scenario with cos(f—a) =0, the
charged Higgs decays either to quarks or leptons. The
decay to W*h is absent. The decay rate to fermions is given
analogous to the neutral Higgs, Eq. (24).

In the type 2B and flipped B models we expect the
dominant branching ratio to be #b both for small tanf
(where the coupling to top is large) and at large tan  (where
the coupling to bottom is enhanced). This can be clearly
seen in the plots of Fig. 5 that show the most relevant
branching ratios as function of tanf for my: = 500 GeV
and cos(ff —a) = 0.

In the type 2B model, the 7v decay mode has the second
largest branching ratio at large tan . This is very similar
to the type 2A model with natural flavor conservation. In
contrast to the type 2A, the decay modes including charm
quarks, like cb and cs, can have branching ratios of several
percent in the flavorful type 2B model. Also in the flipped
B model, cb and c¢s can have branching ratios of several
percent. The decay to zv on the other hand is strongly
suppressed. The rather clean uv final state can reach
branching ratios of O(1073), which is orders of magnitude
larger than in the flipped A model.

In the lepton-specific B model, the branching ratio to v
dominates at large tan f and is typically around 50%. Decay
modes involving charm (cs and cb) as well as top (¢s and
tb) have typical branching ratios of O(10%).

For tan # above ~10 most branching ratios stay approx-
imately constant. One exception is the tb branching ratio in
the lepton-specific B model which changes considerably
with tanf. For tanf ~ 15 the relevant coupling of the
charged Higgs to tb vanishes, due to an accidental can-
cellation between the 1/ tan /3 term and the term of O(m,.) in
Eq. (12). The same cancellation is also responsible for the
dip in the top associated production in the lepton-specific B
model shown on the left-hand side of Fig. 5. The precise
value of tan # where this cancellation happens depends on
the sign and exact size of the free O(1) parameters in the m’
mass parameters; see Eq. (4a). In general, variation of the m’
mass parameters can change the branching ratios of flavor
violating decays by a factor of a few.

C. Constraints from direct searches

The constraints in this section are implemented with
the same process we used in Sec. IV C, and can be seen in
Fig. 6. The strongest constraints come from

(i) searches for light charged Higgs bosons that are

produced from top decays and that decay into cs
(CMS 8 TeV with 19.7 fb=! [68]), into cb (CMS
8 TeV with 19.7 fb~! [69]), or into zv (CMS 8 TeV
with 19.7 fb=! [70] and ATLAS 8 TeV with
19.5 tb=! [71]);

(ii) searches for charged Higgs bosons produced in

association with a top quark and decaying into zv

(CMS 8 TeV with 19.7 fb~! [70], ATLAS 8 TeV with
19.5 tb=! [71], and ATLAS 13 TeV, 3.2 fb~! [72]);
(iii) searches for charged Higgs bosons produced in
association with a top quark and decaying into tb
(ATLAS 8 TeV with 20.3 fb~! [73] and ATLAS
13 TeV with 13.2 fb~! [74]);
(iv) generic searches for low mass dijet resonances
(ATLAS 13 TeV with 3.6 and 29.3 fb~! [62]).
For low mass charged Higgs at tan = 25, the type 2B
and flipped B models are ruled out due to cg decays.
However, in the lepton-specific B case the parameter space
for charged Higgs bosons lighter than the top quark is still
open, motivating a continued search for charged Higgs
bosons in top decays t — H*b. For tan 8 = 25 the high
mass region is still largely unconstrained. For the flipped B
and type 2B models, searches for H* — tb need to improve
by approximately an order of magnitude to begin to probe
the high mass region. The type 2B and lepton-specific B
models can also be probed by H* — 7v searches if their
sensitivities improve by one order of magnitude in the
future.

VI. EFFECTS ON FLAVOR VIOLATING
PROCESSES

The flavor violating couplings of the neutral Higgs
bosons also affect low energy flavor observables like
meson mixing and rare meson decays. In the following
we consider neutral B meson, kaon, and D meson mixing as
well as the branching ratios of several rare meson decays,
B,—u u,B;—tu, B — Ktu, B — K*tu, and B, — ¢tp.

A. Meson oscillations

The SM Higgs, as well as the heavy scalar and
pseudoscalar Higgs add contributions to neutral B meson
mixing at tree level. For the new physics contribution to the
B, mixing amplitude normalized to the SM amplitude we
have [11]

MY m} <167r2> 1 {2}( <C§_0+S§_a+ 1 >
— — |2x, o
MM s/%c/z} A m: - m¥y  mA3

My, Mg, 7 5}
X‘—‘*+(X2+X?’)< —!l+ —a
m%(vthvm)z m%l m%—]
— i ((mém*)z + (m;b)2>:| (27)
mi\ m%}(V;ths)z

where S, ~ 2.3 is a SM loop function. The corresponding
expression for the B, mixing amplitude is analogous.
Note that this expression holds for all four flavorful
2HDMs. The X; factors in Eq. (27) contain leading order
QCD running corrections and ratios of hadronic matrix
elements X, = —0.47(-0.47), X5 = —0.005(—0.005), and
X;=0.99(1.03); see [11]. The first value listed
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corresponds to B, and the second to B,. From the above
new physics contribution we can find values for the meson
oscillation frequencies as well as the mixing phases:

MNP
1 12
+ M

— SM
AM, = AMMx sy

bg = M + Ar <1 + MTZP)
q q g Ve A
12

(28)

We confront our models with experimental constraints
by constructing a y? function that includes the mass
differences and mixing phases in B; and B, mixing. The
SM predictions and experimental results are taken from
[11] (see also [75] for a recent discussion of B, mixing
constraints). Note that in our models the m/, and m/,, mass
parameters are largely fixed by the CKM matrix; see
Egs. (6f) and (6g). Thus we use the B mixing observables
to constrain the free m)_ and m}, mass parameters, setting
mi, =+Vim, and ml, =+V;m, (with the signs
depending on the type of flavorful model).

In Fig. 7 we show constraints on the absolute values
and phases of m)_ (left) and mj, (right) for a benchmark
scenario with cos(f—a) =0 (as favored by the Higgs
signal strength measurements; see Sec. III), tan # = 25, and
my = my = 500 GeV. The constraints on the m’ param-
eter scale approximately as m3/ tan #%; i.e., they become
weaker for larger Higgs masses and stronger for larger
tan 5. The shown constraints hold in the type 1B and
lepton-specific B models. In the type 2B and flipped B
models, the m’,, and m/,, mass parameters have the opposite
sign. This results in constraints that are shifted in phase
by Arg(mj,,) — Arg(m),) + .

We observe that both m}, and m)_ are strongly con-
strained by B, and B, mixing for large tan  and for heavy
Higgs bosons below ~1 TeV. The fact that these mass

B, mixing

=0

25, cos(B-a)

my=m ,=500GeV, tanf

0
0.000 0.002 0.004 0.006 0.008 0.010 0.012

ey gl/m

parameters have to be much smaller than the generic
prediction of our flavor textures, m}, ~m, and mj) ~
m, might call for an underlying flavor model.

Similarly to B meson mixing, the kaon mixing amplitude
also obtains additional contributions. The new physics
amplitude is

211 w5 1\ ! m!
MNP — 3 f7K Z Bk K p-a + ﬁ—a+7 sd "ty
12 K2 s%c/% 47l m:  om¥y  m3 m?

5 1 .o, 1
- =B _BKK p-a ﬁa__
<48 43 3"3><mﬁ TR T m

% (m./vd*)z + (mils)z
mg

K, K _
2

, (29)

with the kaon decay constant fx ~ 155.4 MeV [76]. The
bag parameters BX ~0.46, BX ~0.79, and Bf ~0.78 are
taken from [77] (see also [78,79]). The parameters 17§ ~ (.68,
nX ~—0.03, and 7¥ = 1 (see [11]) encode one-loop renorm-
alization group effects.

The relevant observables in kaon mixing are the mass
difference AMy and the CP violating parameter ¢x. They
can be calculated via

AMy = AMSM + 2Re(MYY),
Im(MYY

SM
€x = €x tKe—=—,
“V2AMg

(30)

with k, = 0.94 [80]. In Egs. (6a) and (6b) we saw that the
m' parameters that are responsible for kaon mixing are not
independent parameters but given in terms of the param-
eters that govern B, and B,; mixing. Given the constraints
from B and B, mixing, we find that new physics effects
in kaon mixing are generically below the current bounds.

B, mixing

=0

25, cos(B—a)

m 4=500GeV, tanf=

mpy

0.00

0.02 0.04 0.06 0.08

[m demd

FIG. 7. Meson mixing constraints on the mass parameters m,_ (left) and m}, (right). The lo and 26 allowed regions are shaded in
green. We set cos(ff — a) = 0, tan # = 25, and my = m, = 500 GeV. The shown regions correspond to the type 1B and lepton-specific
B models. In the type 2B and flipped B models the allowed regions are shifted in phase by Arg(m},,) — Arg(m,) + .
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In particular, we find that new physics effects in AMg
are at most at the permille level, while effects in eg
are <10%.

Analogously to kaon mixing, the new physics contribu-
tions to neutral D meson mixing are given by

2 1 1 C2 S2 1 m*m’
1‘41D2 = m3D—D_ [_B?rlf< p—a + p-a +_> cutyc
2 18 G )

5 1 Ca  Sha 1
— (2 pbyp — _ pbyDb pra | Tha 7
(48 BRET 3’73><m§ my

() + <m;c>2] |

- G1)
According to Egs. (4b) and (4¢), the ml, and m],
parameters are strongly suppressed, generically of the
order of m,m./m,. We find that the resulting new physics
contributions to the mixing amplitude are many orders of
magnitude below the current sensitivities [81] in all the
models we consider.

B. The rare B, — u*u~ decay

The rare FCNC decay B, — pu*u~ is known to be a
highly sensitive probe of new physics (see e.g., [82]). The
decay has been observed at the LHC [83] and the latest
experimental result for the time-integrated branching ratio
from LHCD [84],

BR(B, = w'p” )iyey = (3:0£0.6197) x 107, (32)
agrees well with the SM prediction [85]
BR(B, — putu gy = (3.654+0.23) x 107°. (33)

A generic expression for the branching ratio in the presence
of new physics (NP) reads [86,87]

BR(B; = u'p") 1
= (IS, * + [Pl
BR(B, = utp s 18yl +1Pul) 14y,

Vs Re(PﬁM) - Re(Slzm)>
1 + s |S/m|2 =+ |P/4M|2 ’

(34)

where y, is the lifetime difference of the B, mesons,
vy = (6.1 £0.7)% [88]. In the above expression we do
not consider corrections due to a possible nonstandard B,
mixing phase ¢, [89]. Given the existing constraint on ¢,
[81], such corrections to the branching ratio are negligible.

In the SM, the coefficients Py =1 and Spy' = 0.
Corrections due to the tree level exchange of the neutral
Higgs bosons are collected in the Appendix. As B, meson

mixing puts strong constraints on mj,  we will set it to zero
in the following discussion. In the alignment limit and for
my = my, as well as neglecting the lifetime difference, the
expression for BR(B, — utu~) simplifies to

BR(B, — u'u") _‘1 L] (47;2) Mg, > My’
BR(B, = u* 'y )sm e\ e ) my? my
1 [4n2\ my  ml%|?
I R _st2 HH , 35
o (&) o

with the SM Wilson coefficient C3)! ~ —4.1. The plus
(minus) sign in the first term holds in the type 1B and the
lepton-specific B models (type 2B and flipped B models).
Note that the m;,, parameter is approximately given by m,
in the type 1B and flipped B models. In the type 2B
and lepton-specific B models, m,,, is a free parameter of
O(mﬁ /m.). Consequently, we expect much more stringent
constraints in the type 1B and flipped B models as
compared to the type 2B and lepton-specific B models.

In Fig. 8 we show constraints in the plane of heavy Higgs
mass my =my, vs tanf from B, — p* " in the four flavorful
models. In all four models we set cos(f—a)=0 and
mjy, = 0. In the type 1B and flipped B models we set the
(small) higher order corrections to m;m to zero, i.e.,
m,, = m,. In the type 2B and lepton-specific B models
we set my, = -+m;/2m,.

The constraints in the type 2B and lepton-specific
B models depend strongly on the choice of my,,. If my,
accidentally vanishes, the B, — u"pu~ constraint can even
be completely avoided in these models. The bounds in the
type 1B and flipped B models, however, are robust. The
higher order corrections to m),, modify them typically
by 10% or less. In these models, the shown bounds from
B, — uu~ can only be avoided by postulating that the
CKM matrix is generated in the up sector.

In comparison to the constraints from direct searches
we observe that B, — u*u~ gives stronger bounds in the
type 1B and flipped B models. In the type 2B and lepton-
specific models, the direct searches in the 77~ channel
tend to be more constraining, instead.

C. Lepton flavor violating B meson decays

In the SM, the lepton flavor violating decays based on
the b — sty transition are suppressed by the tiny neutrino
masses and are far below any imaginable experimental
sensitivities. Observation of these decays would be a clear
sign of new physics. In our setup, tree level exchange of
neutral Higgs bosons can induce these decays at levels that
might become experimentally accessible.

Similarly to the lepton flavor conserving decay B, —
uu~ we express the branching ratio of the two body decay
B, — tTu” as
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Constraints in the my = m, vs tan §f plane from B, — u*u~ for benchmark scenarios in the four flavorful models. The regions

above the blue hatched contour are excluded by B, — pu~ at the 26 level. For comparison the region excluded by direct searches for
the heavy neutral Higgs bosons is shaded in gray. We show searches in the 777z~ channel (red), u" = channel (green), bb channel

(orange), and dijet channel (purple).

BR(B; = 77u7)
BR(BS - /’ﬁ—:u_)SM

m2\ 2
_ (1 - ) (IS0 + 1Pol?)

mp.
1 Re(P2,) — Re(S2

x< L2 Rel ”2) e(z") (36)
L+yg  T4ye [Syl” + Pyl

where the last line takes into account the effect of a nonzero
lifetime difference in the B system. An analogous expression
holds for the decay B, — u"z~. We will use the notation
B, —>tu=B,— 1"y~ + B, — u"7". The expressions for the
coefficients P, and S, are collected in the Appendix.

As in our discussion of the B, — u"pu~ decay, we set
mj,, =0, cos(f —a) =0, my = m, and neglect the life-
time difference. In this case we find

BR(B, —» i) <1 m%)z 1 (4712)21713? “
BR(B; = puu)sm m%zx P\ er ) my?

(el Py
m2 m2

f H

(37)

This expression holds in all four flavorful 2HDMs. For all
types we have |mj,| ~ [m),,| ~ m,. In the type 1B and the
flipped B models, the possible values for BR(B, — zu) are
bounded by the measured BR(By, — u*p~). Considering
|mi, |, |m,.| <3m, and 250 GeV < my =my <1 TeV,
we find the following upper bounds:

1.5x 1077 type 1B

BR(B; — ) < .
(Bs = ) {4.Ox10‘9 flipped B

38)

Note that the given upper limits depend on the ranges of the
m' parameters that we have chosen and that we believe to
be a representative example of the Yukawa structures that
we consider in this work. For example, allowing |m;,.| and
|m,| to be as large as 5m,, would result in branching ratios
that are larger by almost a factor of 3 compared to the
bounds quoted in Eq. (38).

In the type 2B and lepton-specific B models, the
constraint from B; — 7u is much weaker. In those models
the strongest constraint comes from direct searches for the
heavy Higgs bosons in the 77z~ channel (see Fig. 8).
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Values of BR(B, — tu) ~few x 107® are possible in
those models.

Lepton flavor changing decays involving electrons on
the other hand are tiny. Generically we expect in all models

2
BR(B, — t€) ~— x BR(B, — ty)
my,
~2x 107 x BR(B, = 1), (39)

2
BR(B, — pe) ~ % x BR(B, — )

T

~8x 1078 x BR(B, - tu).  (40)

In addition to the B; — tu decay, tree level exchange of
flavor violating Higgs bosons also leads to three body
semileptonic B meson decays like B — Kzu, B — K*ty,
and B, — ¢tu.

We find that the B - K*tu and B; — ¢z branching
ratios are directly correlated to the B; — 7y branching ratio.
Ignoring the lifetime difference in the B, system and using
the results from [90] (see also [91] for a related study) we
obtain for the differential branching ratio

dBR 1 2 m2.
BR B Krp) = — 22 (1L &
dq 16 my mp

2\ 2 2\ -2
<(1-5) (-35)
q mp,

2A2 2 5
AL M5 pR(B, - ),
myf B, T /Mp,

(41)

where A(a,b,c) = a* + b* + ¢* —=2(ab+ ac + bc). An
analogous expression holds for B; — ¢zu. For the B
meson decay constant we use fp ~224 MeV [92]. The
B — K* and B, — ¢ form factors A, are taken from [93].
Integrating over g2, we find

BR(B - K*tu) ~2.9x 1072 x BR(B, — ), (42)
BR(B; — ¢ptu) ~3.3 x 1072 x BR(B, — tu).  (43)

Using the bounds and generic expectations for B, — zu in
the different flavorful models discussed above, we find that
BR(B — K*zu) and BR(B; — ¢pzu) can be at most a few
x107° in the type 1B model and ~107'° in the flipped
B model, respectively. In the type 2B and lepton-specific
B models, however, these branching ratios can be as large
as ~107".

We find similar results also for the B — Kzu decay.
The fact that B — K is a pseudoscalar to pseudoscalar
transition, while B — K* and B; — ¢ are pseudoscalar to

vector transitions, has little impact numerically. We find
that BR(B — Kzu) can be as large as a few x107° in the
type 1B model, ~107'° in the flipped B model, and ~10~’
in the type 2B and lepton-specific B models.”*

VII. CONCLUSIONS

Little is known experimentally about the tiny couplings
of the Higgs boson to the light flavors of quarks and
leptons. It is thus interesting to study possible alternative
origins of mass for the light flavors beyond the 125 GeV
Higgs boson. As an example, we analyzed a particular class
of 2HDMs with nontrivial flavor structure. In analogy to
the four well-studied 2HDMs with natural flavor conser-
vation (NFC), we identified four models that preserve an
approximate U(2)° flavor symmetry acting on the first two
generations. We refer to them as type 1B, type 2B, lepton-
specific B, and flipped B. In these flavorful 2HDMs,
interesting flavor violating phenomena involving the third
generation of fermions can be expected, while the U(2)°
flavor symmetry still protects flavor violating transitions
between the first and second generations.

We studied the production and decay modes of the
neutral and charged Higgs bosons of the models, as well as
various low energy flavor violating observables, and
identified the signatures of the flavorful models that are
qualitatively different from the models with NFC.

With regards to the collider phenomenology we find

(i) Measurements of Higgs signal strengths give im-
portant constraints on the mixing between the two
CP-even Higgs bosons, & and H. In the type 2,
lepton-specific, and flipped models, the constraints
are very similar for the models with NFC and our
flavorful models. In the type 1 models the con-
straints are markedly different due to large mod-
ifications of the charm and muon couplings in the
type 1B model.

(i) The main heavy Higgs production and decay modes
in the type 2B and flipped B models are similar to
those in their counterparts with NFC. The highest
sensitivity to the type 2B model is achieved in
searches for high mass 777~ resonances. The flipped
B model is largely unconstrained at hadron colliders.
The most promising search channels are u*u~, bb,
and dijet resonances depending on the mass range.

(iii) In the lepton-specific B model, the production of the
heavy neutral and charged Higgs bosons at large
tan  is much larger than in the corresponding model
with NFC. This opens up the possibility to directly
probe the large tan  regime of the lepton-specific
B model at hadron colliders in the ¥z~ channel.

*Also baryonic decays A, — Azu can arise. While a detailed
discussion of baryonic decays is beyond the scope of this work,
we generically expect similar results.
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(iv) In all flavorful models, the neutral Higgs bosons
can have sizable flavor violating branching ratios.
In particular, we find that at large tanf typically
BR(H — tc) ~ 10%. Furthermore, BR(H — tu)~
0.1%—-1%. These flavor violating branching ratios
depend on unknown model parameters and can vary
by a factor of a few.

The most interesting features in the flavor phenomenol-
ogy are

(1) In all four flavorful models we find strong con-
straints from B, and B, meson mixing. We find that
in the large tan f regime the relevant entries in the
down-quark mass matrices m),; and mj, have to be
considerably smaller than their nominal values
my ~mg and mj, ~my This might call for an
underlying flavor model.

(ii) Under the assumption that the CKM matrix is
generated in the down sector, the measured value
of BR(B, — utu™) gives strong constraints in the
my Vs tan B parameter space of the type 1B and
flipped B models. In the type 2B and lepton-specific
B models, this constraint is much weaker and can be
completely avoided.

(iii) Lepton flavor violating rare B meson decays might
be at an experimentally accessible level. In particu-
lar, in the type 2B and lepton-specific B models,
BR(B,; — 7u) could be as large as a few x 1076
while BR(B = K*)zu) and BR(B; — ¢ru) could
be as large as 1077, potentially in reach of the LHCb.
Lepton flavor violating decay modes with electrons
are predicted to be orders of magnitude smaller.
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APPENDIX: NEW PHYSICS CONTRIBUTIONS
TO RARE MESON DECAYS

The parameters S, and P, that enter the expressions
for the rare B meson branching ratios in Egs. (34) and (36)
get in general contributions from tree level 2, H and A
exchange

1 [4n
See = OSM < >(S?f’ + sz,” + Sff’)
o\ e’

1 [4n
Poo =1+ —u oy ( )(P;f, + Pl +PL),

with the SM Wilson coefficient C3)! ~ —4.1. In the flavor
conserving case £¢' = uu we find

2
g _ ", (@ _Re(my,) cpq > Cpa <m§b - mZJ‘)
Hi m; Sp my,  spcp) sgcp \ mpV Vi
(A3)
2
s M (Sa Re(my) Sp-a\ Spoa (miy = mj*
Hp 2 V.. V* ’
my S/} mﬂ S/}C/)7 S/jC/} mpVip Vi
(A4)
2 .
@ _ ", 1 ilm(m;,,) <m’sb +m§,s*) (AS)
a m; sjc my, myV i, Vi
2 .20 . I
pi ™8, G- o dm(my,) (ml, —m) * (A6)
T 22 V.. V* ’
my SgCp My mpVip Vs
2 2
pH — mp s/} a lIm(m ) m;b _ m;)s* (A7)
HHU 2 2.2 \% V* ’
My SgCp My myVip Vs
P :m_?a(i_Re(m:m) ! > ! (m;,,+m;,;>
i mi tﬁ mﬂ S/jCﬁ Sﬁcﬁ me[bV;ks
(A8)
In the flavor violating cases £¢' = ur,tu we find
instead
2 2
mp, C/; -a m,,* +mf/
Ste =75 ( v ) . (A9)
mh C/;Sﬁ Vi Vis
22
gi "B Sp-a (m/bs* - m;b) <mm* + mf’f) (A10)
7 2m e czsy \ mpV Vi m,
2 *
SA _ mBs 1 mé?s* + m;b mlf’f mlf)f’ (Al 1)
e’ _2 2 2.2 V., V¥ ’
My CpSp \ MpVip Vs my,
2 2
pr "B Cﬁ—a Mpy™ = M\ (Myp = Myp” Al2
o o ( )
2mh cﬁsﬁ mp Vi, Vi m,
2 2 I l
P, = My, Spoa (My" = M\ (Mypp = Myp” (A13)
7 2my, c%,s%, myV Vi m, ’
PA _ m%s 1 m;m* —+ m;b m/f'f + m/ff’* (A14)
[ 2 2 2 V., V* .
my cpsy \ mpV Vi m,
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