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Executive Summary: In this contribution to the Snowmass 2021 process, we outline models with two or
three Higgs doublets that address open questions of particle physics and cosmology. In particular, we show
that with two additional Higgs doublets one can provide a mechanism for the generation of lepton asymmetry
and hence baryon asymmetry, through CP violating Higgs decays, near weak scale temperatures. In another
model with only one extra Higgs doublet, we illustrate that Yukawa couplings to quarks and neutrinos can lead
to a viable mechanism for the generation of Dirac neutrino masses, sourced by the QCD chiral condensate of
strange quarks. We adapt Spontaneous Flavor Violation – a framework for coupling light fermions to new Higgs
doublets while avoiding tree level flavor-changing neutral currents – in constructing these models. In both cases,
flavor data provide interesting constraints on the parameter space. Either scenario includes O(1) couplings of
light quarks to the Higgs doublets which allow a future 100 TeV pp collider to have reach for the new scalars up
to O(10 TeV) masses, through resonant single production. In the neutrino mass model, collider data can shed
light on the mass hierarchy of neutrinos. This article is based on work presented in Refs. [1, 2].

INTRODUCTION

Interactions with light fields often allow for new physics
to be probed at current and future collider experiments and
hence lead to accessible phenomenology. In this article, we
will summarize our proposals [1, 2] for how such setups can
be motivated by models that address key open problems of
particle physics and cosmology. In particular, we will focus
on explaining the baryon asymmetry of the Universe (BAU)
and non-zero masses for the SM neutrinos with additional
heavy Higgs doublets. Our models involve O(1) coupling of
light quarks to the new scalars, providing significant reach for
the heavy states, through resonant single production at hadron
colliders. However, any proposal for new physics close to the
weak scale needs to comply with stringent bounds on flavor-
changing neutral currents (FCNCs) [3]. In the case of models
with more than one Higgs doublet, the Spontaneous Flavor
Violation (SFV) framework [4, 5] provides a prescription for
how to couple the extra scalars to light Standard Model (SM)
quarks and leptons, in a way that avoids tree level FCNCs.
Let us then begin with a brief outline of the SFV framework
employed in our models.

SPONTANEOUS FLAVOR VIOLATION

The SFV [4, 5] framework is a paradigm that mitigates un-
wanted flavor violating effects and allows for more freedom
in Yukawa structure than the typical Minimal Flavor Viola-
tion. In particular, the light quarks can have large couplings
to heavy Higgs doublets in the SFV framework [5]. There are
up-type and down-type SFV schemes; for our purposes, we
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will use the up-type option. We will slightly generalize this
into two models which we will call Model A and Model B,
for simplicity. Model A will have three Higgs doublets, while
Model B will have two Higgs doublets.

ForN Higgs doublets, the general Yukawa sector including
right-handed neutrinos would look like

N∑
a=1

−λauQ̄ εH∗a u− λadQ̄Ha d− λaνL̄ εH∗a νR − λa` L̄Ha `

+H.C. (1)

We will always work in the Higgs basis, where only the first
doublet, H1, gets a vacuum expectation value. In the up-type
SFV 2HDM with no right-handed neutrinos, these Yukawa
coupling matrices take the form

λ1u = V †CKMYu, λ1d = Yd, λ1` = Y`
λ2u = ξV †CKMYu, λ2d = Kd, λ2` = ξ`Y`,

(2)

where Yu, Yd, and Y` are the diagonal SM Yukawa couplings
in the mass basis for up-type quarks, down-type quarks, and
charged leptons, respectively. Here, VCKM is the CKM ma-
trix,Kd = diag(κd, κs, κb) is flavor diagonal with real entries
κd,s,b; ξ and ξ` are real constants. This will be the basis of our
flavor structure for Model A and Model B. We will minimally
generalize this to three Higgs doublets in Model A by having
the same couplings λ3x = λ2x for x = u, d, `.

Since we add right-handed neutrinos, we also need a suit-
able generalization of the SFV paradigm to the neutrino sec-
tor. A natural generalization in the same spirit as SFV would
be

λ1ν = VPMNSYν

λ2ν = VPMNSKν , (3)

where Kν = diag(κν,1, κν,2, κν,3). In Model A, Yν will be
the diagonal Yukawa couplings in the mass basis which gen-
erate the neutrino masses; in Model B, we will have Yν = 0
and generate masses in another way. Model B will use κν,i
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real. For Model A, we will similarly duplicate the same sort
of Yukawa structure to a third Higgs doublet, with a notable
change: we will impose |λ3ν | = |λ2ν |, but will allow arbitrary
CP phases, different between the H2 and H3 couplings.

FLAVOR CONSTRAINTS

Though the SFV scheme suppresses FCNC processes, there
are still experimental bounds which are constraining for cer-
tain regions of parameter space, particularly with lighter
Higgs masses. There are flavor-changing quark decays as
well as meson mixing bounds to consider. We considered ex-
perimental bounds coming from the flavor-changing decays
b → dγ [6] and b → sγ(`+`−) [7], as well as neutral meson
mixing for K − K̄[3], Bd − B̄d [8], Bs − B̄s [8], and D− D̄
[9]. We used the formulas presented in Ref. [5] to calculate
the contributions to these processes. We show the relevant
limits that these experimental bounds place on the couplings
in Model A, with two degenerate heavy Higgs doublets, in
Fig. 1.

In Model B, for reasons that we will discuss later, we will
only have strange quark couplings and neutrino couplings for
the heavy doublet. This makes many of the flavor bounds
less important. Particularly, only D − D̄ mixing constraint
was relevant. We use the recently updated measurements
from Ref. [10] to constrain the parameter space of this model,
though the constraint on κs is only slightly different from the
previous measurement in Ref. [9].

HIGGS TROIKA BARYOGENESIS

In this section, we review the baryogenesis mechanism pro-
posed in Ref. [1], which used a three Higgs doublet model –
the Higgs Troika – and the interactions given by Eqs. (1),(2),
assuming Dirac neutrinos. This is Model A described earlier.
The BAU is generated via the Higgs doublet decays into a
lepton doublet and right-handed neutrino, as shown in Fig. 2.
In order to generate the Dirac neutrino masses, the SM-like
Higgs has neutrino Yukawas of the order O(10−12). If the
SM-like Higgs participated in the decays in Fig. 2, this cou-
pling would be far too weak and the BAU would not be gener-
ated. Hence, we need two additional Higgs doublets that can
couple more strongly to the neutrinos.

The BAU is generated by creating an asymmetry in the lep-
ton doublets that is then processed into a baryon asymmetry
via electroweak sphalerons. Hence, we need a reheat temper-
ature of Trh ∼ 100 GeV for the sphalerons to be in thermal
equilibrium. For Higgs fields with masses O(1 TeV), the re-
heat temperature cannot be much higher or else the scalars
would be in thermal equilibrium with the plasma and any

asymmetry would be washed out.1 Even though the Higgs
doublets themselves may not be in thermal equilibrium, they
can still mediate processes Ff ↔ LνR, where F (f ) are SM
SU(2) doublet (singlet) fermions. Requiring that the rates of
these processes are less than the rate of expansion of the Uni-
verse at Trh ∼ 100 GeV constrains the Yukawa couplings of
the two heavy Higgs boson [1]:

λaν λ
a
f
<∼ 2.1× 10−4

( ma

10 TeV

)2
, (4)

In order to generate the observed BAU [14]

nB
s
≈ 9× 10−11 , (5)

we need an asymmetry parameter [1, 13]

εa =
Γ(Ha → L̄νr)− Γ(H?

a → Lν̄R)

2Γ(Ha)
>∼ 10−7, (6)

where Γ(Ha) is the total width of Ha and we assumed the
mass of the modulus that sources the Higgs population is 60
TeV or larger.

Including Higgs width effects [15], the asymmetry param-
eter can be calculated to be

εa =
1

8π

(m2
b −m2

a)m2
a

(m2
b −m2

a)2 +m2
bΓ

2
b

∑
f=q Nc,f Im

(
Trbaν Trba∗f

)
∑
f=q Nc,fTraaf

,(7)

where Trbaf = Tr[λb†f λ
a
f ] and a, b indices correspond to the

two heavy Higgs doublets. When the flavor structure of
Eqs. (2,3) is combined with the washout bound of Eq. (4),
there is an upper bound on the asymmetry parameter

εa <∼ 1.8× 10−9
( ma

10TeV

)4 (m2
b/m

2
a − 1)

(m2
b/m

2
a − 1)2 +m2

bΓ
2
b/m

4
a

× 1

κ2d + κ2s + κ2d + ξ2
. (8)

Simultaneously requiring εa >∼ 10−7 from Eq. (6), limits the
parameter region that can realistically generate the BAU. The
parameter range is shown as the magenta and cyan shaded
regions below the solid black lines in Fig. 3. The magenta
region corresponds to a 5% mass degeneracy between the two
heavy Higgs doublets, and the cyan region corresponds to a
10% mass degeneracy. As can be clearly seen, the BAU can
be generated for heavy Higgs masses ma

>∼ 5− 10 TeV.
As can be seen in Figs. 1 and 3, the flavor and BAU con-

straints allow non-negligible couplings between the heavy
Higgses and the light quarks. With these couplings, the main
production mode of the Higgses at hadron colliders is sin-
gle production via initial state quark anti-quark annihilation:

1 The original population of the heavy Higgs fields could be sourced via the
decays of a modulus Φ as detailed in Ref. [1, 13].
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FIG. 1: Constraints on Model A from flavor changing neutral currents for ξ = 0.1 and the different flavor structures (a) κs = κb = 0, (b)
κs = κb = κd. Measurements mentioned in the text that are not shown on the plot are not constraining in the parameter range shown.
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FIG. 2: Feynman diagrams illustrating the Higgs doublet decays
that generate the BAU

qq̄ → A,H,H±, where A,H,H± are the neutral pseu-
doscalar, neutral scalar, and charged scalar components of
a Higgs doublet. If the quark couplings are non-neglible,
which is also needed to singly produce multi-TeV Higgses,
the washout condition of Eq. (4) requires that the neutrino
coupling λaν to be relatively small compared to the quark
Yukawas. Hence, the main decay modes of the heavy Hig-
gses will be to dijets.

In Fig. 3, the regions above the dashed lines can be discov-
ered at a 100 TeV pp collider with (red) 3 ab−1 and (black)
10 ab−1 respectively. These discovery reaches were found
by adapting the di-jet discovery reach of a Z ′ model with
quark only couplings from Ref. [16]; details of the adaptation
method can be found in Ref. [1]. We see that a 100 TeV pp
collider is sensitive to a large portion of parameter space with
viable baryogenesis. The regions above the dot-dash lines can
be ruled out at the LHC at 95% CL with 3 ab−1 of data.

For the discovery reach we assumed one Higgs doublet
whose components are degenerate in mass such that new
physics gives contributions to oblique parameters that van-
ish [17–21] and contributions to the electric dipole moments
that are negligible [1, 15]. The production of the different
components were added incoherently. Due to CP violation,
there will be some interference between the neutral scalar and

pseudoscalar production [15]. However, we expect that inter-
ference to be small. Another source of interference is between
the two Higgs doublets. If the mass difference between the
two doublets is less than the Higgs decay widths, we could ex-
pect coherent enhancements up to a factor of two [1]. Indeed,
the BAU is enhanced by a degeneracy between the Higgs dou-
blets.

STRANGE NEUTRINO MASSES

In this model we work in a two Higgs doublet model, but
with the same flavor framework as Eqs. (2,3). That is, we
use Model B as detailed above. When the Higgs bosons are
integrated out, the operators in Eq. (1) will give rise to a
dimension-6 operator of the form q̄qν̄ν, where q are quarks
and ν are neutrinos (with left-right pairing). When QCD con-
denses, the q̄q develops a vacuum expectation value, which
will give neutrino masses. Although the QCD vacuum ex-
pectation value is small, we have shown [2] that this is a vi-
able scenario to generate small neutrino masses with order one
coupling to the heavy Higgs and a Higgs mass O(10 TeV).

The operator q̄qν̄ν can mediate many light meson de-
cays, depending on the quark flavor. Adapting the results of
Ref. [23], the partial decay widths of mesons into an electron
plus neutrino via this operator are [2]

Γ(P+ → e+ νR) =

∑
i |ζei|2

64πM4
D

f2Pµ
2
PmP , (9)

where for the mesons P = π,K,DS ,

µP =
m2
π

2m̄
;

m2
K

ms + m̄
;

m2
Ds

mc +ms
, (10)

3



5000 10000 15000 20000 25000 30000
m

a
 (GeV)

0

0.2

0.4

0.6

0.8

1

κ
d

Baryon Asymmetry

5σ Discovery

95% CL Exclusion
Flavor

m
A

 = m
H

 = m
H

±

100 T
eV

 jj
 (3

 ab
-1 )

100 T
eV

 jj 
(1

0 ab
-1 )

ξ = 0.1
κ

s
 = κ

b 
= 0

C
M

S
 3

 a
b

-1

A
T

L
A

S
 3

 a
b

-1

5%
 M

as
s 

D
eg

en
.

10
%

 M
as

s 
D

eg
en

.

(a)

5000 10000 15000 20000 25000 30000
m

a
 (GeV)

0

0.2

0.4

0.6

0.8

1

κ
d
 =

 κ
s =

 κ
b

Baryon Asymmetry

5σ Discovery

95% CL Exclusion
Flavor

m
A

 = m
H

 = m
H

±

100 T
eV

 jj
 (3

 ab
-1 )

100 T
eV

 jj
 (1

0 ab
-1 )

ξ = 0.1

C
M

S
 3

 a
b

-1

A
T

L
A

S
 3

 a
b

-1

5%
 M

as
s 
D

eg
en

.

10
%

 M
as

s D
eg

en
.

Γ
b
 > 0.1 m

b

(b)

FIG. 3: Regions of parameter space for which the BAU can be generated with (shaded magenta) a 5% mass degeneracy ma/mb = 0.95
between the two Higgs doublets and (shaded turqoise) a 10% mass degeneracy ma/mb = 0.9. The discovery reach at a 100 TeV pp collider
in the dijet channel is above the dashed lines for (red) 3 ab−1 and (black) 10 ab−1. Regions above the dot-dashed lines can be exlcuded by
(blue) ATLAS [11] and (violet) CMS [12] with 3 ab−1. The gray shaded regions above the dotted lines are ruled out by flavor. In (b) the
region above the dot-dot-dashed lines have a Higgs width larger than 10% of its mass. In (a) we set ξ = 0.1, κs = κb = 0 and in (b) we set
ξ = 0.1, κd = κs = κb. In both figures we consider all components of the Higgs doublet to be degenerate.

MD is the mass of the heavy Higgs, ζei is the Wilson coeffi-
cient of q̄qν̄ν, m̄ = (mu+md)/2, mu,d,s,c are quark masses,
and mπ,K,DS

are meson masses.
There are stringent bounds on how large the meson branch-

ing ratios can be [24]2:

Br(π+ → e+ ν) = (1.23± 0.004)× 10−4 (11)
Br(K+ → e+ ν) = (1.582± 0.007)× 10−5 (12)
Br(D+

s → e+ ν) < 8.3× 10−5 (90% C.L.). (13)

The bounds on pions and kaons are very constraining, and it
is not possible to have order one couplings and generate the
requisite neutrino masses with heavy resonance masses below
∼ 60 TeV. These masses are much too large to be able to
generate the neutrino masses. However, the Ds bounds are
much less constraining. Indeed, for order one couplings, the
bounds can be satisfied for MD

>∼ 3 TeV, which could be
observable at future colliders.

From this discussion, we focus on a scenario in which the
the heavy Higgs couples only to strange quarks and leptons.
The operator under consideration is then

OD = ζ
[Q̄ s]ε[L̄ νR]

M2
D

+ H.C. , (14)

where Q denotes the second generation quark doublet (c, s)L.
When the strange quark condensation 〈s̄ s〉 ≈ −(300 MeV)3

[25] is considered, we find that viable neutrino masses mν ∼

2 We have checked [2] that similar results can be obtained via R-ratios.

0.1 eV can be obtained with MD ∼ 16 TeV and ζ ∼ 1. This
mass is consistent with the rare meson decay constraints.

To generate neutrino masses, we can solve for the Yukawa
couplings of the neutrinos in terms of the strange quark
Yukawa, heavy Higgs mass, strange quark condensate, and
neutrino masses. The neutrino mass eigenstate couplings are
then

κν,i =
M2
H2

κs 〈s̄s〉
mi. (15)

As this makes clear, the couplings of the flavor eigenstates to
the heavy Higgses will depend strongly on the neutrino mass
scale and mass ordering.

In Figs. 4(a) and (b) we show the branching ratios of the
heavy charged Higgs into lepton final states as a function of
the lightest neutrino mass for the (a) normal and (b) inverted
hierarchies for a representative parameter point. As is clear,
there can be substantial branching ratios into leptonic final
states for reasonable parameters. The hierarchy of branching
ratios depends strongly on the neutrino mass hierarchy: for the
normal hierarchy the branching ratio into muons dominates
while for the inverted the branching ratios into electrons dom-
inates. Finally, for the normal hierarchy, the branching ratios
depend fairly strongly on the neutrino mass scale. Hence, if
this model is realized in Nature, measuring the decay rates of
heavy charged Higgs scalars into leptons can provide insight
into the neutrino mass hierarchy and scale.

In Fig. 4(c) we show, for the normal hierarchy with maxi-
mum neutrino masses, the discovery reach for a 100 TeV pp
collider in the (solid line) dijet and (within the dashed, dot-
dot-dashed lines) lepton plus missing energy channels. The
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FIG. 4: (a,b) Branching ratios of charged Higgs into leptonic final states in the (a) normal and (b) inverted hierarchies with δCP = 0, κs =
0.2, andMH2 = 5 TeV. For the inverted hierachy we show when the cosmological bound on the sum of neutrino masses

∑
mi < 0.12 eV [22]

is violated in the gray shaded region. (c,d) Discovery reaches at a 100 TeV pp machine with flavor bounds in the shaded magenta region.
(c) Discovery reach in (solid) dijet searches and eν and µν finals states with 10 and 25 events within the dashed and dot-dot-dashed lines,
respectively. (d) Discovery reaches in eν and µν final states with 10 events and 10 ab−1 of data for the (black) normal and (blue) inverted hier-
archies when the lightest neutrino mass is (dashed) zero or (solid) saturates the cosmological bound

∑
mi < 0.12 eV [22]. The components

of the heavy Higgs doublet are assumed to be degenerate in mass.

black lines are assuming 3 ab−1 of data and the blue lines 10
ab−1. We overlay the relevant flavor bounds in the shaded
magenta region. Since the only non-zero quark coupling are
to sR, the relevant flavor bounds come from D− D̄ mixing in
Fig. 1. As is clear, the dijet and leptonic searches cover com-
plementary parameter regions with the dijets more sensitive at
higher Higgs masses and the leptonic searches more relevant
at lower Higgs masses.

The different 5σ discovery in the leptonic channels for
(blue) inverted and (black) normal hierarchies at a 100 TeV pp
collider are shown in Fig. 4. These reaches are for 10 events
with 10 ab−1 of data and for the lightest neutrino mass set to
(within the solid lines) its maximum and (within the dashed
lines) zero. The inverted hierachy is more easily discovered,

due to the larger branching fractions into muons and electrons
as shown in Figs. 4(a,b).

CONCLUSIONS

The presence of multiple Higgs doublets in extensions of
the SM is a reasonable possibility. In particular, if electroweak
symmetry is mainly broken by the vev of the Higgs field cor-
responding to the observed boson at ∼ 125 GeV, one may
ask how the extra scalars can play a role in addressing the
shortcomings of the minimal SM. In the above, we summa-
rized two proposals that address this question. In either case,
the new heavy scalars have O(1) couplings to light quarks.
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To avoid severe constraints from FCNCs, the “up-type Spon-
taneous Flavor Violation” framework was used in both cases
and adapted to the structure of the models.

In one scenario, two heavy extra Higgs doublets were added
to the SM in order to provide a possible mechanism for baryo-
genesis, through CP violating decays of the new heavy scalars
and production of a lepton asymmetry. If the SM neutrinos
are Dirac particles this model can provide an alternative to
conventional leptogenesis, which relies on heavy right-handed
neutrinos and generically leads to light Majorana neutrinos. A
future 100 TeV pp collider can have reach up to∼ 20−30 TeV,
through resonant production and decay of the scalars into di-
jets. Depending on the choice of couplings to down-type
quarks, current flavor data, in particular from D − D̄ mixing,
yield important constraints on the parameters of the model. If
the scalars are sufficiently degenerate in mass, allowing co-
herently enhanced signals, the LHC may be able to probe this
model up to masses of ∼ 5− 7 TeV.

In a second proposal, we considered the unconventional
possibility that Dirac neutrino masses may originate from the
quark condensate of the SM QCD. This model requires one
extra Higgs doublet that has significant coupling to a light
quark. Precision measurements of charged meson decays re-
quire that this coupling mainly involve the second generation
quarks, with the strange quark condensate sourcing the requi-
site electroweak symmetry breaking. Due to the constrained
nature of the required effective operator that mediates Dirac
neutrino mass generation, the new scalar masses in this model
are not expected to be heavier than ∼ 10 − 15 TeV. The new
scalars can be produced on resonance through their quark cou-
plings and be discovered in di-jet final states, at a 100 TeV pp
collider with <∼ 10 ab−1 of integrated luminosity. Remark-
ably, measurements of the charged Higgs branching ratios into
leptons can furnish a probe of the mass hierarchy of the SM
neutrinos, in this model. Again, existing D − D̄ mixing data
provide significant constraints on the parameters of the sce-
nario.
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