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Higgs troika for baryon asymmetry
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To explain the baryon asymmetry of the Universe, we extend the Standard Model (SM) with two
additional Higgs doublets with small vacuum expectation values. The additional Higgs fields interact with
SM fermions through complex Yukawa couplings, leading to new sources of CP violation. We propose a
simple flavor model with O(1) or smaller Yukawa couplings for quarks and charged leptons, consistent
with current flavor constraints. To generate neutrino masses and the baryon asymmetry, right-handed
neutrinos in the ~0.1-10 TeV range couple to the “Higgs troika.” The new Higgs doublet masses are at or
above the TeV scale, allowing for asymmetric decays into SM lepton doublets and right-handed neutrinos.
The asymmetry in lepton doublets is then processed into a baryon asymmetry, similar to leptogenesis. Since
the masses of the new fields could be near the TeV scale, there is potentially a rich high energy collider
phenomenology, including observable deviations in the 125 GeV Higgs decay into muons and taus, as well
as detectable low energy signals such as the electron electric dipole moment or  — ey. Hence, this is in
principle a testable model for the generation of baryon asymmetry.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
successful in explaining a wide range of phenomena and
remains valid after many years of experimental verification.
Yet, the SM leaves important fundamental questions
unanswered. Among these, the origin of dark matter
and the source of the baryon asymmetry of the universe
(BAU)—both of great importance to our understanding of
cosmology and matter—remain open. While dark matter
may reside in an entirely secluded ‘“dark sector,” it is
reasonable to expect that the physics underlying the BAU
must have direct and perhaps significant interactions with
the SM and is part of the “visible sector.”

In this work, we propose to extend the SM content with
two additional Higgs fields, copies of the SM Higgs, with
small vacuum expectation values (VEVs). While these
fields will have a marginal role in electroweak symmetry
breaking (EWSB), they could have significant complex-
valued couplings to the SM fermions and provide new
sources of CP violation. We will show that this setup is then
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capable of accommodating a baryogenesis mechanism, as
long as the new Higgs masses are at or above the TeV scale.

Our basic mechanism is in spirit similar to leptogenesis
[1]; however, we do not require heavy right-handed neu-
trinos vy far above the weak scale, whose role will be
assigned to the new Higgs scalars here. We will choose right-
handed neutrino masses in the ~0.1-10 TeV range to
implement our scenario. Our proposal is a minimal realiza-
tion of “neutrinogenesis” [2,3]. The SM extended to include
a “Higgs troika” can then explain the origin of visible matter
and the masses of fundamental particles. This setup can
potentially be testable at colliders in the future, perhaps even
at high luminosity LHC (HL-LHC) with O(ab™!) levels of
data, expected to be available in the coming years.

Next we will briefly outline our mechanism and describe
the main ingredients and assumptions underlying our
proposal. We will then illustrate the mechanism in a
benchmark realization of the model and provide some
quantitative estimates. A brief discussion of the benchmark
collider phenomenology will also be given, in order to
highlight some of the key features of the possible signals.
For some related ideas in a different context, see Refs. [4,5].

II. THE BARYOGENESIS MECHANISM

Here, we briefly describe the general features of the
baryogenesis mechanism. Let us denote the Higgs fields by
H, with masses m,, a = 1, 2, 3. We will identify H, as the
observed (“SM”) Higgs with m; = 125 GeV: H| <> Hgqy.
This implies that H has the same Yukawa interactions as
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the SM Higgs and generates the known masses of fermions.
Also, it is implicitly assumed that new interactions of H,
with other scalars are sufficiently small to avoid significant
deviations from the SM predictions for the main Higgs
production and decay modes. To make contact with
potential experimental searches, we will generally assume
that m, 3 ~ 1 TeV (this mass scale may also originate from
the physics underlying the SM Higgs sector, though we will
not dwell on this point further).

In order to generate a baryon asymmetry, we need an
asymmetry in the decays of H; and H} into SM fermions
which will lead to an asymmetry in the number density of
the SM fermions. The total decay rates of H; and H; are
equal by charge, parity, and time reversal symmetry (CPT).
However, the partial decay rates of H; and H} do not have
to be equal. Hence, to generate an asymmetry &, we need at
least two different decay channels for the new scalars. We
will specify those interactions later; however, here we will
mention that one of the channels is Lvg (which we will
refer to as “neutrinos”), with L a lepton doublet in the SM.

Although vy is a lepton, it is a gauge singlet. Hence,
sphalerons will not operate on vp. The relevant nonzero
A(B — L) is then for quark and lepton doublets, where B is
the baryon number and L is the lepton number. That is,
sphalerons will not act on an asymmetry in v nor alter the
baryon asymmetry generated via the lepton doublets [2,3].
The other channel is provided by coupling to SM charged
fermions. The asymmetry requires a nonzero CP violating
phase to remain in the interference of tree and one-loop
diagrams; this in turn requires at least two Higgs scalars
that couple to leptons and quarks, implying that we at least
need H,. Below, we will illustrate why we also need H;, on
general grounds. However, briefly put, since the H; mass is
at the EW scale and not larger than the reheat temperature,
it could efficiently mediate processes that washout the
baryon asymmetry. Hence, we need three Higgs doublets,
i.e., a Higgs troika.

Let us denote a typical Higgs coupling to Lvg by 4% and
to charged fermions by 2}, For concreteness and simplicity,
we will assume that the asymmetry is dominated by the f
intermediate fermion, but the width of H, is set by decays
into the fermion f’. This assumption implies /1]; is the
dominant Yukawa coupling of H,; we consider this a fairly
generic assumption. The asymmetry, as will be discussed
later in more detail, is typically then given by

M’" s

TS M

On general grounds, an asymmetry parameter of order
€ > 107 is needed to generate the BAU [6]

"B 9% 1071, (2)

N

where np is the baryon number density and s is the
entropy density.

Here, we note that the success of our baryogenesis
scenario requires that 2 — 2 processes F f — Luvg, where F
is an SU(2), doublet and f an SU(2), singlet, through the
interactions of H; should not wash out the generated
A(B — L). This requirement should be maintained down
to a temperature of 7, ~ 100 GeV, below which EWSB
takes place. Above that temperature all SM fields, except
the Higgs, can be assumed to be massless. Hence, the rate

for washout at ' = T, is roughly given by I, ~ (Aﬁﬂ{ 2T
Requiring that T, < H(T,), where H(T) ~ g\/*T*/Mp is
the Hubble scale, one finds

1/2 1/2
g« T,
/’{L//’{f< , 3
1 1’\'< MP > ( )

where g, ~ 100 denotes relativistic degrees of freedom
and Mp ~ 1.2 x 10" GeV is the Planck mass. The above
yields 244 <1078,

To generate the asymmetry parameter in Eq. (1), there
are three interesting cases for the relative strengths of the
different H, couplings:

(1) First consider 454, <« (ﬂf )%. The washout bound
then implies & < 4 x 107'°, which suggests that
baryogenesis 1s not feasible.

(2) Next, 4 < /1 NA . The washout bound together
with £ > 107° then 1mplies that

22282 (4)

This bound is inconsistent with our starting
assumption implying that a baryon asymmetry
cannot be generated with this hierarchy of couplings.

The results are similar for /1f <M~ lf
(3) Finally, assume all couplings are 51mllar ﬂf ~2 ~/1f
The washout bound implies that & < 4 X 10‘10
That is, baryogenesis is still not feasible.
This conclusion leads us to require a third Higgs doublet
field Hs, to avoid reliance on a light H;, whose interactions
are constrained.'

Successful baryogenesis requires that the reheat temper-
ature T,;,, here assumed to be set by the decay of a modulus
@, is low enough that 2 — 2 washout processes mediated
by H,, a = 2, 3, are also inefficient. Note, however, that
we need T,, > 100 GeV to have effective electroweak
sphaleron processes that are required to provide a source
of baryon number violation. Since T,, < m,, for an out of
equilibrium decay of H,, the rate for this process is of order

'See Refs. [7,8] for another minimal realization of BAU
generation via Higgs decays that relies on highly degenerate
Majorana neutrino masses.
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(2,24)2TS, /m. This production rate must be less than the
Hubble scale H(T,;,). We thus obtain

1/2 4
(a2 <9 Za (nowashout). (5)
MPTrh

For T,, 2 100 GeV and m, ~ 1 TeV, we roughly obtain

/15/1’,; < 107, Note that this constraint is much less stringent
than the one obtained for H,; before, which could in
principle allow a large enough value of ¢, using H, and H;.

As a proof of concept that such a low reheat is possible,
consider the decay of a modulus ®. At an early time,
the Universe was in a matter dominated era due to the
oscillation of ®. These oscillations are damped via the ®
decays, and the Universe enters a radiation dominated era.
The reheat temperature 7',;, of the radiation dominated era
is estimated as H(T,;,) ~ 'y, where I'y, is the total width of
the modulus and H(T,,) is the Hubble parameter at the
reheat temperature. Assuming that @ couples to a Higgs

doublet via the interaction (®/ A)DMHITD"H ;» the decay
width of @ is then

3
1 myg

r(@)~5 2. ©)

Then the reheat temperature is estimated as

T ( 1 m%Mp> 1/2
rh 32”91/2 A2 .

For a modulus mass mg ~ 100 TeV and cutoff scale
3x 109 TeV, we find a reheat temperature of
T,, ~ 100 GeV.

Before going further, we will point out an issue that will
inform our benchmark model parameter choices later in
this work. The light neutrino masses m,, are generated via
integrating out the heavy Majorana neutrinos to create the
Weinberg operator:

()

(LH,)?

mpg

(A7) (8)

The expression for m, is given by

() viw

2 mpe

; ©)

v

where vgyw = 246 GeV. Equation (3) for f =t (the top
quark, with 4,~1), leads to A7 < 1078, Assuming
m, ~ 0.1 eV, we then find

mg < 10 MeV. (10)

The above bound on my is in conflict with our
assumption that the new physics, including vg, is at or

somewhat above the weak scale. We will address this
question later, showing that certain choices of parameters in
the minimal model can avoid this conflict. Briefly put, the
resolution will amount to the minimal assumption that there
are only two massive SM neutrinos around ~0.1 eV and
that the third eigenstate could be much lighter and nearly
massless, given the current state of knowledge of neutrino
parameters.

Let us now briefly outline how the above troika of Higgs
fields can lead to a viable baryogenesis mechanism. We will
assume that a population of (Hj, Hj) is produced non-
thermally, such as through the modulus @ decay in the early
universe, but no significant population of (H,,H3) is
present; this could be a result of preferential @ decay
(see, for example, Ref. [9], for such a possibility in a
different model). The CP violating decays of H; then
generate a nonzero B — L number from H; — Lug. The
asymmetry A(B — L) can get processed into a AB and AL
through electroweak sphaleron processes that are active at
temperatures 7 2 100 GeV.

III. THE GENERAL MODEL

Here we will introduce the general structure of the model
that could realize the above baryogenesis mechanism. We
will not write down all the possible interactions that the
model could contain and only specify those that are key
for our discussions. To generate the BAU in the manner
described above, let us consider the following Yukawa
interactions for the Higgs troika:

MH:Qu 4 AAH:Qd + M H:Lug + JSHALE,  (11)

where a labels the Higgs scalars, but the implicit fermion
generation indices have been suppressed. In the above, 1%
and ¢ denote couplings associated with the up-type and
down-type quarks; the corresponding couplings to neutri-
nos and charged leptons are denoted by 4% and 1%.

Let us focus on a =2, 3. The A(B — L) asymmetry ¢
produced in the out-of-equilibrium decay of H, is then
given by

_T(H, > Lvg) —T(H}, — tgL)
€= 2I(H,) ’ (12)

where I'(H ) is the total width of H,,. The above is obtained
from the interference of the tree and loop-level diagrams
in Fig. 1. A second “triangle” loop diagram is in general

H, L H, H, L
- — > — + — -
VR VR

FIG. 1. Representative tree level and one-loop diagrams that
can give rise to a lepton asymmetry.
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present in our model, but the “bubble” loop diagram gets
enhanced if the heavy Higgs states H, and H; are
degenerate in mass (similar arguments apply to heavy
right-handed neutrinos in leptogenesis; see, for example,
Refs. [10-12]).

In this work, we will consider the case where the heavy
Higgs bosons H, and H3 are mildly degenerate, and hence
we can mostly ignore the “triangle” contribution to the
asymmetry in Fig. 1. Additionally, since our calculation of
the baryon asymmetry is an order of magnitude estimation,
this approximation is sufficient to show the viability of
our mechanism. For complete expressions see Ref. [2].
This assumption simplifies the treatment and also leads to
potentially richer collider phenomenology, as both H, and
Hj; can, in principle, be experimentally accessed. In this
case, the model will yield more easily to direct exper-
imental verification.

From Eq. (11), we find

_ i m3 Zf:f,u.dN C.fIm(Tr‘,;aTriZ) (13)
8742 my, — my > fetudiNes Tthe
where
Trp,, = Tr[} 4], (14)
Ty, = Telay (1 — /2, (15)

mp are the masses of the right-handed neutrinos, and
N.y =1, 3 for f = lepton, quark, respectively. The trace
in Eqgs. (14) and (15) is over the fermion generations, and
we are working in the basis in which mp are diagonal mass
matrices. Note that m; = 0 during the epoch where ¢ is set,
since electroweak symmetry is not broken at that point.
As these are traces, the asymmetry parameter in Eq. (13)
can be evaluated in any fermion basis.

In order to find the baryon asymmetry AB, we need to
find the relationship between A(B — L) and AB in our
model, at T 2 100 GeV. We note that our setup is that of
the SM augmented by two new doublets; however, the new
doublets are assumed heavy compared to T,,, and the
relevant field content is that of the SM only. Also, the
processes involving v are decoupled at these temperatures,
as a requirement in our scenario. Using the results of
Ref. [13] we then have

28

AB—79A(B L). (16)

We will focus on H; decays and only consider an
intermediate H,. That is, a =3 and b =2 in Eq. (13).
Given that A(B — L) is generated through the decay of H3,
to calculate the BAU we need to consider the initial energy
density p; of H3 compared to the radiation energy density
pr- In our setup, the radiation is made up of all the SM

states, including H;. The decays of H; contribute to
reheating the Universe. Since Ezn; < pp, with ns the
number density of H; and E; the energy of H; from
decays of the modulus @ in Eq. (6), the ratio

r= Esns (17)
PR

satisfies » < 1.

We have pr = (7%/30)g,T*, where g, is the number of
relativistic degrees of freedom, which is g, = 106.75 in the
SM. The B — L abundance is then given by

Np_r, _ 3rTrh€
N 4E3 ’

(18)

where the entropy density s = (22%/45)g,T?. Using
Eq. (16) we then obtain for the BAU

”_B_ﬂ rT e (19)
s 19\ E; )’

As shown in Eq. (7), for a modulus mg ~ 100 TeV, we can
accommodate a reheat temperature of 7,, ~ 100 GeV.
Then the energy of H; is E3~50 TeV and T,,/E; ~
2 x 1073, Hence, for r < 1, one then requires £ > 2 x 107’
to generate the BAU.

To show that all the conditions on washout and BAU can
be met, we choose a parameter point for proof of concept:

me =100 TeV,  my = 1.5 TeV,
Bl B ~2x1070
2 ~14x107, A ~14x1073, (20)

where mg is the mass of the modulus that generates the H;
population and reheats the Universe; see Eqgs. (6) and (7).
Additionally, we will assume H, and H; only couple
to charged leptons and neutrinos. This assumption and
these values for the Yukawas will be motivated in the
flavor model presented in the next section. First, the values
of /15_3 and 75 5 satisfy the washout condition of Eq. (5):
|2624] < 2.1 x 107%. Second, we must check that we can
produce the correct BAU, i.e., € 2 2 x 10~7. From Eq. (13)
we have

552528 singg 4% 1078

(mz/ms)z -1

1 m%
T Ramd-md KPR 2y
where ¢ is a generic CP phase. For 10% level degeneracy
between the masses m, ~ 1.1m5 and order one phases, the
asymmetry parameter is € ~ 2 x 1077 and the BAU can be
generated. This level of degeneracy is consistent with our
assumption that the diagram in Fig. 1 is the dominant
contribution to the calculation of e.
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Finally, since H; decays are populating the baryon
asymmetry, we must check that they decay much quicker
than they annihilate away. The annihilation rate of Hj is
calculated by weighting the annihilation cross section,
Gann(H3), by the number density, n3, of Hz in the early
universe:

Conn <H3) = Oann (H3)I’l3. (22)

We assume H; couples to one lepton generation with
strength 1.4 x 107 and the quartic couplings with the
other Higgses are of order 0.1. We implement our
model into FeynRules [14] and output model files for
MadGraph5_aMC@NLO [15]. The H; are produced via the
decay of a modulus with mass of 100 TeV. Hence, they
have energies of 50 TeV. The annihilation cross sections for
50 TeV Hj; into fermions, gauge bosons, and scalars are
found to be

G ann (fermions) = 0.43 fb,

Gann (gauge bosons) = 0.24 b,
Gann(scalars) = 0.17 fb, (23)

and the total annihilation rate of Hj is
Cyn S 1.5 x 1077 GeV, (24)

assuming 7 < 1 and using Eq. (17). The boosted decay rate
into one lepton generation with H; mass 1.5 TeV is

/1’/ 2
A)"ms _ o 1076 GeV, (25)

[(Hy 16z y

- SM) =

where y = E3/mj5 is the boost factor. Hence, the annihi-
lation rate is an order of magnitude smaller than the decay
rate, showing the viability of our scenario.

The couplings of H; are highly constrained by the
combination of the washout condition and the creation
of a large ¢ in Eq. (21). To maximize Eq. (21), we need to
25 ~ 24. Together with the washout condition this creates
the bound /15’” < 1.4 x 1073. The couplings of H, are not
so tightly constrained and can be generically larger than
those of H;. Hence, the above model could easily lend itself
to collider searches. In particular, if the couplings to quarks
are not too small, one of the heavy Higgs states could be
produced at the LHC or a future hadron collider. Also,
depending on the size of the parameters, the rate for decay
into charged leptons, a final state with missing energy, or
displaced vertices may be large enough to enable clean
searches. While there are too many possibilities to consider,
we will examine a sample benchmark flavor structure
choice and describe the main aspects of its phenomenology,
below.

IV. A BENCHMARK MODEL OF FLAVOR

Now we give a more complete model of flavor to
show our leptogenesis mechanism can work in realistic
scenarios. We introduce three Higgs doublets @, ®,, ®;.
All three scalar doublets obtain vacuum expectation values
(®,;) = v;/+/2. The Higgs doublets @, ; and lepton dou-
blets L are odd under a Z, symmetry while all other fields
are even. The Yukawa interactions are then

W@ 0u+ {@[0d + Y yi®jLug +yj@jLe. (26)
b=23

The organizing principle for the charged fermion flavor is
that the largest Yukawa coupling for quarks and charged
leptons should be order one. To get the top mass correctly,
we need v & vgyw = 246 GeV. If there are no fine can-
cellations there must also be a hierarchy between the VEV's
v, in order to have order one Yukawa for 7. We would then
need v, ~ 2.5 GeV for A, ~ 1, while the top quark mass is
obtained from the coupling to H; with a Yukawa coupling
near unity. Since neutrino masses and mixing are rather
special and do not follow the patterns of quarks or charged
leptons, we do not impose any requirement on their
Yukawa couplings. In principle all neutrinos can get their
masses from H, and one could assume v; — 0, though this
is not strictly necessary.

Next, we will illustrate how the necessary VEV hier-
archy can easily be obtained. Allowing for soft breaking of
the Z,, the relevant terms in the scalar potential are

— [POIO, + miD]D, + miDld,
— (U@ + p3y @] @3 + Hee.) + A(D]D))* + -+,
(27)

where - - - are additional quartics that are not important to
this story.” In principle, there is also a /4%34);(133 term, but it
can be removed via a rotation of @, ;. This rotation leaves
the picture unchanged since @, ; have the same quantum
numbers.

For the baryogenesis mechanism to work, we assume the
fields @, 5 are heavy with m,, m3 ~ 1 TeV. In order for the
Z, breaking to be soft and below the highest scales in our
theory, we will additionally assume 5, p13 < m, 3. Once
@, obtains a VEV, it induces tadpole terms for @, ;. These
tadpoles in turn induce VEVs in @, and ®5:

pi pi
vy Ry —15 < v, and wv3R _1; <. (28)
m; m3

2Assuming our hierarchy of scales, we have explicitly checked
that the additional quartics make only nonleading contributions to
our mechanism.
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Hence, the tadpole terms give a seesaw where the smallness
of v, comes from the larger values of the masses mj 3.
For m, ~1 TeV, v, ~2.5 GeV can be generated with
Hip ~ 100 GeV.

In order to relate this model to the baryogenesis
mechanism, we need to rotate the gauge eigenbasis
®,,; into the doublet mass eigenbasis H;,3. To order
p*/m3 5, this can be accomplished via the rotation

H, 1 ﬂ%z/m% ,u%/m% D,
Hy | = | —u2,/m3 1 0 o,
H3 —/,t%/m% 0 1 CD3

(29)

From Eq. (28), this is precisely the rotation into the Higgs
basis such that (H,) = vgw/v2 and (H,) = (H;) =0,
where vy, = v? + 03 + v3 ~ v3. The Higgs potential is
then

—W*H H| +m3H Hy +m3H Hy +A(H H )2 4. (30)

That is, H, 5 are the doublet mass eigenstates appearing in
Egs. (11) and (13), as we desired. The Yukawas in Eq. (11)
are related to those in Eq. (26) via

wd ., ud wd . ud
AR A3 Ry 23/ VEw>
C o~ L
/11 Nyzvz/UEw,

A % (Y502 + ¥503) vew,

’15,3 ~ y§_3,
A3 Y53, (31)

where we have used v, > v;3.

As discussed previously, there is some tension between
washout conditions, having heavy right-handed neutrinos,
and generating the light neutrino masses m, ~ 0.1 eV. We
now discuss the neutrino parameters needed to alleviate this
tension, supplementing the parameter choices in Eq. (20).
Other choices of parameters may be possible, yet it suffices
for our purposes to provide a particular, but not very
special, realization of our model. Let mp; with i =1, 2, 3
denote the masses of the three right-handed neutrinos vg;.
We will assume that mpg;, > m,3 and hence the H; 3
would not decay into them, while vg; is light compared to
H, 3. We will choose mgs ~ 100 GeV and mpg; , ~ 10 TeV.
This means that the generation of asymmetry will result
from the decay of Hs; — vg3L, with the other channel
provided by decay into charged leptons.

Let us take the simplified limit of v3 — 0, corresponding
to py3 — 0, for illustrative purposes. We will also take the
minimal approach of providing two neutrino masses
of O(0.1 eV), with the third state very light or massless,
as allowed by all available data. For mpg,, ~ 10 TeV and
m, ~0.1 eV, Eq. (9) requires A4 ~107> which from
Eq. (31) yields y; ~ 1073, From the discussion leading

to Eq. (5), one could easily determine that washout
mediated by H, 3 could be avoided if we have

15325 5] < 2.1 x107°, (32)

where £ = e, u, 7. The lepton number violating processes
that we would like to avoid correspond to the final
states Lvg and its Hermitian conjugate. Note that for
T,, 2 100 GeV, production of vg;, would be severely
Boltzmann suppressed, since mig;,/T,, ~100. For final
states including vg3, processes mediated by H; can be
decoupled, since vp; is not required to have substantial
coupling to H; if we only need two mass eigenstates with
m, ~ 0.1 eV. Hence, we only need to make sure that
processes mediated via H, 5 that lead to a vg; in the final
state are sufficiently suppressed, corresponding to condi-
tion Eq. (32).

Note that since we require A ~ 1, the suppression of
washout mediated by H, requires 45 < 1075, where the
superscript is specified for clarity. This, according to
Eq. (31), would lead to l’f” <1078, which is too small
to generate m, ~ 0.1 eV. However, as mentioned before,
this is consistent with the phenomenologically viable
possibility of having one very light neutrino. Also, as
shown in the discussion around Eq. (21), these parameter
choices are consistent with our baryogenesis mechanism.

We also note that the above sample parameter space
leads to vg3 — LH; being a typical decay mode of vgs,
as will be shown later when we discuss collider signatures
of our model. The rate for this decay is estimated to be
[(vgs = LH)) ~ (327)7HA{® [*mgs < 10716 GeV  which
leads to decays after EWSB when sphalerons are
decoupled. Hence, vg; decays would not interfere with
our baryogenesis mechanism. We then conclude that
baryogenesis can be successful in our scenario with the
above choice of parameters, as a concrete example.

V. LOW ENERGY SEARCHES

We must ensure that the values of Yukawas and CP
phases deduced from our benchmark flavor model are
consistent with low energy observables such as electric
dipole moments. Additionally, to have a nonzero asym-
metry parameter ¢, the Yukawas of H,; must be mis-
aligned. This misalignment necessarily gives rise to flavor
changes that can be searched for. Up until now we have
discussed the couplings of the Higgs doublets. However,
after EWSB we should consider the mass eigenstates in the
broken phase, i.e., neutral scalars, neutral pseudoscalars,
and charged scalars. Since the mass eigenstates can mix,
their couplings are different from the doublets. For sim-
plicity of notation, in this section and the next we keep the
notation /1{: for the Yukawas after EWSB.

(i) Electric dipole moments (EDMs): The nucleon

EDM gets contributions from complex Yukawa
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couplings of the Higgs fields as well as a 0 term in
the QCD Lagrangian. Assuming a sufficiently small
6 (the usual “strong CP problem”), we will consider
the contribution of H,, since the Yukawa coupling of
H; to light quarks is relatively suppressed by a factor
of v3/v, < 1 in our flavor model. See, for example,
Ref. [16] for bounds on a neutrinophilic Higgs
doublet.

As we are mostly interested in illustrating that
typical values of parameters in our scenario lead to
successful baryogenesis and acceptable phenom-
enology, we will only present order-of-magnitude
estimates here. Since the coupling of quarks to H, is
suppressed by v,/ vgw in our flavor model, we find
that the two-loop “Barr-Zee” diagrams [17,18] are
more important that the one-loop process. Here, the
coupling of H, to photons is dominated by the
loop, which couples to H, with strength A5 ~ 1,
whereas the coupling of the top quark to H, is
/1’2 ~ 0.01. However, the top mass is about 2 orders of
magnitude larger, which compensates for the sup-
pressed coupling. Given that these two contributions
are roughly similar, we will only use the 7 contri-
bution for our estimate of the effect.

The two-loop contribution of H, (for v3 — 0 we
can ignore H3) to the EDM of a light quark ¢ can
then be estimated by

e353m, sinw
Y e mz (33)
where we have 24 ~ 10~7; we have denoted a typical
phase by @. For m, ~1 TeV, we then find d,~
10732 sinwe cm. The current 90% C.L. bound on
neutron EDM is d,, < 3.0 x 1072 ¢ cm [6], which
indicates our model is not constrained much by the
neutron EDM experiments.

In order to go further and study electron EDM
bound constraints, we need to have a measure of
how large lepton flavor violating couplings can be in
our model. We will parametrize flavor violation by
A, 247, and A¢7, for tree-level transitions mediated
by H, for a = 2, 3, in an obvious notation. Since H
couplings to leptons are severely suppressed, we will
only consider the dominant contributions from H,
for a = 2, 3.

With the above assumptions, we have

WA md

where £ =y, 7 and f is a light final state charged
lepton; we have ignored the effect of final state
masses on the phase space.

055010-7

We have 15 ~3x 1074, A ~6x 1072, and as
before m, ~ TeV. We then find

[(u — 3e) ~ 10722 m, (35)
and

L(z = 3p) ~ 1075128 PP, (36)
where m, and m, are the masses of the y and 7

leptons, respectively. The width I'(z — euu) is given
by the above formula, with 15" — 1¢. The total
widths are given by I',~2.8x107"®m, and
I, ~ 1.3 x 107"?m,, in an obvious notation. The
current 90% C.L. bounds on the above decays are
BR(y — 3¢) < 1.0x 10712, BR(z — 3u) < 2.1 x
1078, and BR(z — eup) < 2.7 x 107% [6]. Hence,
we find

A% <0.2, [A4<02, and 4| <0.2.  (37)

The dominant contribution to the electron EDM
d,, based on our model assumptions, will then be
mediated by a one-loop H, diagram through the
flavor-changing ey or et coupling of H,. We then
estimate a typical value by

el *my sinw

d 38

¢ 16ﬂ2m5 ( )
107802 sinwe cm  for £ = u,

N{ |Ad"| inw o (30)
1072227 |* sinwe cm  for £ = 7.

Note that while we are using the same notation for
the phase @ as before, it is meant only to denote
a typical phase and is not assumed to have the
same numerical value. The 90% C.L. bound d, <
1.1 x 10728 ¢ cm [19] then implies bounds of

|2 [Vsinw <3 x 1073, (40)
e |Vsinw < 1 x 1072, (41)

(ii) u — ey: This process provides a potentially severe

constraint on models of new physics. Here, with our
preceding assumptions, we expect the main contri-
bution to u — ey to arise from the A, and A7 or A4’
and A¢7 couplings at one-loop order, depending on if
the internal fermion is a muon or a tau. The resulting
effective operator can be estimated by

¢ qet
empMy 20 _ )
O~ Tommz Fowel™. (42
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where 6,, = (i/2)[y,.7,] and £ = p, 7. This dipole
operator yields the branching fraction

2
Br(s — ey) ~3 x 10-4|Azfﬁzf|2<c’£‘”v) . (43)

which should be compared with the 90% C.L.
constraint Br(u — ey) < 4.2 x 107* [20]. The
bounds on the flavor off-diagonal couplings are then

2| <8 x 1077, (44)
|24 < 2% 1075, (45)

If the bound in Eq. (41) is saturated and sinw ~ 0.1,
we obtain |A47| <2 x 1072,

(iii) (g — 2): From the above discussion we can conclude
that the dominant contribution to the muon anoma-
lous magnetic moment g, —2 will come from the
flavor-changing H, — u — 7 coupling A" which is
the least constrained. We can then estimate the
contribution to (g, —2)/2 by

72 )
Aa mz

Aa, ~———,
"o 16a%m2

(40)

which yields |Aa,| <2 x107'? (for sinw ~0.1),
which is too small to account for the current
~3.5¢ anomaly [6].

Reference [21] suggests that a Yukawa flavor structure of
A~ min(m;, m;)/vgy is in good agreement with data.’
Here, we will determine the compatibility of our Yukawa
couplings with this ansatz. Note that since the leptons
obtain their mass from only one Higgs doublet (®,) in the
v3 — 0 limit, their couplings to ®, will be diagonal after
diagonalizing the lepton mass matrix. Since H, is mostly
®,, its couplings are also mostly diagonal while Hj
couplings can be flavor off-diagonal. However, as men-
tioned above, the scalar mass eigenstates after EWSB are
superpositions of the components of H,; with a small
component from H;, and can have flavor off-diagonal
couplings to leptons. We maintain the generic notation 24,

In order to keep A} ~ 1, for the charged leptons we
modify the ansatz of Ref. [21] to A/ ~min(m;, m;)/m..
Hence, we have 15/ ~ 15 ~3 x 1074, and 24" ~ 0.06. The
constraint from £ — 3f in Eq. (37) is clearly satisfied. For
sinw ~ 0.1, the bounds in Egs. (40), (41), (44), and (45) are
also satisfied, although we are within order one of many of
these bounds. Hence we conclude that our mechanism is
viable, in agreement with low energy observables, and if

3Ano;her well-known flavor structure is the Cheng-Sher [22]
ansatz AV = /m;m; /vew. However, Ref. [21] suggests that 1V ~
min(m;, m j) /vgw is in better agreement with observations.

this ansatz for the charged lepton Yukawas holds, we may
expect to see a signal in the electron EDM or 4 — ey [23].

VI. COLLIDER SEARCHES

Now we discuss some of the aspects of the signals of our
model at proton-proton colliders. First, we concentrate on
the pair production rates of the new heavy scalars. After
electroweak symmetry breaking, the two heavy Higgs
doublets in the Higgs basis can be decomposed as

+
H; = L ( \/Ehi
V2 \ h ;+ia;
Hence, we have four charged states, two pseudoscalar
bosons, and three scalar bosons (including the scalar &,
from H;). The Goldstone bosons completely reside within
H,. Electroweak precision constraints generally require at
least one of the neutral scalars a;, h; to be mass degenerate
with the charged scalars h; [24]. Hence, for simplicity we
will assume that i, h;, and a; have a common mass m; for
each i = 2, 3. Production cross sections are computed in
MadGraph5_aMC@NLO [15] using a model generated via
FeynRules [14].

In Fig. 2 we show the pair production rates for various
discalar final states: (a) h;hF and a;hi, and (b) hi h; for
i = 2, 3. We provide cross sections for (black solid line) the
V/§ =13 TeV LHC, (violet dashed line) the proposed
VS =15 TeV upgrade of the LHC [25], (red dot-dashed
line) the proposed /S = 27 TeV upgrade of the LHC (HE-
LHC) [26], and the proposed /S = 100 TeV colliders
(FCC-hh/SppC) [27,28]. The production cross sections for
h;a;, although not shown, are within ~5%-20% of h; h;.
The production modes considered here depend almost
exclusively on the gauge couplings of the heavy scalars,
and hence have minimal dependence on the model param-
eters. The discalar final states h;h; and a;a; will depend on
trilinear scalar couplings and not gauge couplings, so we do
not discuss them. Finally, we have included both Drell-Yan
and production in association with two jets (similar to
vector boson fusion). However, we find the production with
two jets to always be subdominant. This is in contrast to the
SM case, where the vector boson fusion production rate of
the Higgs boson competes with gluon fusion for Higgs
mass 21 TeV [29].

The benchmark luminosity for the 13 and 15 TeV LHC is
3 ab~!, for the HE-LHC 15 ab~!, and for FCC-hh/SppC
30 ab~!. Hence, for m; ~ 1-2 TeV, we can expect between
zero and 40 events at the high luminosity 13 TeV LHC. At
15 TeV, the situation is slightly improved to an expected
number of events between 1 and 80. With between 30
and 2,300 events, the HE-LHC would likely be sensitive
to much of the relevant parameter region and test our
model. Of course, the situation is most promising at the

>, for i =2,3. (47)
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i
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1 11
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1500
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FIG. 2. Production cross sections for heavy scalars (a) ;i and h;hi, and (b) A h7. Both Drell-Yan and vector boson fusion (VBF)
production mechanisms are included for all processes. We show the cross sections for lab frame energies of (blue dotted line)
V/S =100 TeV, (red dash-dotted line) v/S = 27 TeV, (violet dashed line) v/S = 15 TeV, and (black solid line) v/S = 13 TeV.

FCC-hh/SppC with between 2,800 and 50,000 events.
These predictions for the number of events are robust,
since the production channels we consider are fully
determined by gauge couplings. While 40-80 events at
the LHC may seem small, as we discuss below, the decays
of these heavy scalars can be striking and with a small
background. Hence, the LHC may be able to probe
masses around 1 TeV, while future colliders may be
needed for masses at or above 2 TeV. A full collider study
would be necessary to determine the full reach of these
machines.

We will now discuss the decays of the new scalars. Due
to the VEV hierarchy, from Eq. (29) the mixing between @,
and @, is v,/v; ~ 1% and between ®; and ®; is much
smaller as assumed before. The decays of the heavy scalars
into quark, gauge boson, and di-Higgs channels depend on
the mixing and are highly suppressed. Hence, the heavy
scalars predominantly decay into leptons via their Yukawa
couplings. The neutral scalars &, and a, each decay mainly
to a 7 pair. Since we require msz >> mp;3 in our baryogenesis
mechanism, the neutral scalars s; and a; each decay
primarily to a heavy (vg3) and a light neutrino and
potentially similarly into charged leptons. For the charged
scalars, since H, couples according to charged lepton
masses, h5 will decay to a 7 and a light neutrino. Since
H; couplings are not necessarily as hierarchical as the
charged fermions, AT can decay into u, e, and vg;3, as well
as a 7 and vgs.

With our sample parameters, used to derive Eq. (21),
only vg; is potentially accessible at collider experiments,
with vg, being too heavy (~10 TeV) to produce at the
LHC and likely other envisioned facilities. Here, assuming
that mp3 2 100 GeV, vg3 can decay to SM gauge bosons
via mixing, to H; and a light neutrino through direct
coupling leading to a “Dirac” mass of mps ~keV, or in
three-body decays via an off-shell heavy scalar into leptons

plus missing energy. The mixing angle 0 ~ mp3/mp; ~
1078 for vy — v mixing leads to the following estimate:

F(UR3 ~ Wifq:) ~ 4F(1/R3 g IJLZ)

2 3
SO MRs 016 Gey.

4
87 12 (48)

with V = W, Z. We also find
v —16
T(vgs = vphy) ~ 7 |78 Pmgs < 1071° GeV,  (49)
T

with |27%| <107 in our preceding example. Finally, we
also find, in analogy to Eq. (34),

|’1§,315,3 |2 m?e?,

T(vgs = v 66) ~
15367° m3 ,

<1071° GeV.  (50)

The above estimates imply that in our example the vg3
decays would be quite displaced, on the order of meters.
This could in principle lead to very unique signals.
However, the proximity of the estimates (48) and (49)
suggests that a more careful study is needed to decide the
dominant decay mode, but one could end up with similar
rates for the first two possibilities. Since the example
parameters used to illustrate the viability of our baryo-
genesis mechanism were only one of many possible
solutions, we do not offer a more detailed analysis here,
but suffice it to say that the model can potentially yield
interesting signals of v, decays.

The phenomenology of SM-like Higgs boson, h;, can
also be altered. Initially, in the Higgs basis of H,, H,, H3,
the coupling of h; is precisely the same as in the SM.
However, there can be mixing between neutral scalars &,
and h, via quartic interactions in the Higgs potential.
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For order one couplings, these mixings could be expected
to be of the size ~v,v,/m5 which, assuming TeV scale
heavy Higgses, is around ~0.1% for h,. Since the mixing
with the heavy scalars are small, the production rate and
main decay rates (bb, WW, ZZ, yy) of h, are little changed.
However, the branching ratios into rarer modes, such as
u~u", can be altered. The SM-like Yukawa coupling of &,
to muons is m, /vgw ~ 4 X 10~4, while the h, coupling to

muons is m,,/ V2m, ~ 0.04. Hence, after 0.1% mixing with
h,, the coupling of /; to muons can be shifted from the SM
by ~10%. The branching ratio of #; — p™u~ is then moved
away from the SM value by ~20%. This shift is generically
true of all charge leptons including 7’s. While 1, — e~e™ is
unobservable at the LHC due to small electron couplings,
this level of deviationin #; — u"u~ and h; — 777t~ will be
observable at the high luminosity LHC with 3 ab~! or the
HE-LHC with 15 ab~! of data [30].

VII. SUMMARY

In this paper we have presented a mechanism for the
generation of the baryon asymmetry via heavy Higgs
doublet decays into lepton doublets and right-handed
neutrino singlets. These decays produce an asymmetry
in the lepton doublets that then gets processed into a baryon
asymmetry via the electroweak sphalerons. This scenario is
a nearly minimal extension of the SM, in which we
only need right-handed neutrinos which can help explain
neutrino masses, and additional Higgs doublets. Since
the Yukawa couplings between the SM Higgs boson
and neutrinos are constrained to be small, at minimum
two additional Higgs doublets are required to guarantee
that the asymmetry parameter in Eq. (12) is sufficiently
large.

In addition to generating the baryon asymmetry, this
scenario could have many signatures at current and future
experiments. To generate the baryon asymmetry, there

needs to be a misalignment between the Yukawas of the
different Higgs doublets. Once all Higgs doublets obtain a
VEV, this necessarily leads to flavor changing currents in
the lepton sector as well as EDMs. As shown above, the
baryon asymmetry can be generated and current constraints
on charged lepton flavor violation accommodated within
a realistic Yukawa structure. Furthermore, future y — ey
and electron EDM experiments may be expected to show
signatures of this baryon asymmetry mechanism.

Finally, we studied the collider signatures of the heavy
Higgs doublets. Via discalar production, the scenario
presented here can provide striking signatures of many
leptons, missing energy, b-jets, and possibly displaced
vertices. While the discalar production rates can be favor-
able at the LHC, future colliders may be needed to observe
much of the interesting parameter space. Additionally, we
may expect the observed Higgs boson decays into muons
and taus, h; — uTu~ /7777, to differ from SM predictions
by upwards of 20%. This is an observable amount of
deviation at the high luminosity LHC with 3 ab™! or the
HE-LHC with 15 ab™! of data [30].
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