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What Are We Trying to Address?

Flavor Puzzle

• Why are there three generations?

• What is the origin of the mass hierarchy?

• What is the origin of the hierarchy in quark mixing?
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Mass generation in the SM

The Higgs mechanism is responsible for mass generation in the
standard model.

Results From LHC
• Couplings of the third generation: SM-like up to 30%.
• Couplings of the bosons: SM-like up to 10%.
• Couplings of the first/second generation: Unknown

What does this mean: We have the freedom to introduce a
second Higgs doublet that could be responsible for the mass of
the lighter fermions.
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Two Higgs Doublet Models (2HDM)
We introduce a second doublet into our theory:

φ =
1√
2

(
φ1 + iφ2
φ3 + iφ4

)
, φ′ =

1√
2

(
φ′1 + iφ′2
φ′3 + iφ′4

)
1. From the second doublet we get a heavy, charged, and

pseudoscalar Higgs bosons
2. v2

W = v2 + v ′2

3. tanβ = v/v ′

4. cos (β − α) is the mixing of the Higgs doublets

Table: Well studied models

Model u d e
Type 1A Φ′ Φ′ Φ′

Type 2A Φ′ Φ Φ
Flipped A Φ′ Φ′ Φ

Lepton-Specific A Φ′ Φ Φ′
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Flavorful 2HDM’s

One can extend the class of 2HDM’s by coupling generations of
the same type of fermion to different doublets.

Model u1,2
R u3

R d1,2
R d3

R e1,2
R e3

R
Type 1B Φ′ Φ Φ′ Φ Φ′ Φ
Type 2B Φ′ Φ Φ Φ′ Φ Φ′

Lepton-Specific B Φ′ Φ Φ Φ′ Φ′ Φ
Flipped B Φ′ Φ Φ′ Φ Φ Φ′

How does this help the flavor puzzle?
Example, mt >> mc . But if mt ∼ v and mc ∼ v ′ then by making
v/v ′ large we can explain the difference in the top and charm
mass.
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Constraints from Higgs Signal Strength

• Constructed From χ2

function
• Dark Green = 1σ
• Light Green = 2σ
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Signatures: Heavy Higgs

• α, β, and mH are key parameters
• These plots have: cos (α− β) = 0.0 MH = 500GeV
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Production: Heavy Higgs

• Used MMHT 2014 parton distribution functions (PDFs)
• Combine PDFs with cross sections and integrate over

momentum
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Constraints: Heavy Higgs

• Normalized experimental constraints by our predictions
• µµ, ττ, and jets
• Values under 1 are excluded
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Bs → µµ

SM: (3.65± 0.23)× 10−9, LHCb: (3.0± 0.6 0.3
−0.2)× 10−9

Bounds on F2HDMS:
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Conclusion

• The introduction of additional Higgs doublets gives new
options for providing mass to the SM fermions

• We can utilize new flavor structures to explain hierarchies
between generations of fermions

• These flavor structures lead to striking phenomenological
features that are being or can be probed at the LHC.

Questions?
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Flavor Changing Decays

Rare Top Decays
• t → hc . 10−5 (LHC ∼ 10−3)
• t → hu . 10−10

These results are dependent on the structure of the Yukawa
matrices and these branching ratios could be increased
dramatically if we generate the CKM in the up sector

Leptonic Higgs Decays

• h→ τµ ≈ 10−4 (LHC ∼ 10−3)
• h→ τe ≈ 10−8

• h→ µe ≈ 10−10

The h→ τµ channel is below the current bound but is slowly
being approached.
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Yukawa Textures
Much of the interesting phenomenology comes from the form of
the Yukawa textures. Here we have an example of of what
these would look like. We choose to generate the CKM in the
down sector and hence it has a slightly different representation
than the other two types of fermions

λu(`)1,2 ∼
√

2
vu(`)1,2

 mu(e) mu(e) mu(e)
mu(e) mc(µ) mc(µ)
mu(e) mc(µ) mc(µ)

 ,

λd1,2 ∼
√

2
vd1,2

 md λms λ3mb
md ms λ2mb
md ms ms

 ,

λu(d ,`)3 ∼
√

2
vu(d ,`)3

 0 0 0
0 0 0
0 0 mt(b,τ)


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B Meson Mixing
The B meson mixing is highly dependent on the parameters
that enter in our yukawa matrices. So, we can impose
constraints on this model from experimental B meson mixing
results.

0.0 0.5 1.0 1.5 2.0
0

1

2

3

4

5

6

Èmbd
' È�md

A
rg

Hm b
d

'
L

Bd mixing

m
H

=
m

A
=

50
0G

eV
,t

Β
=

5,
c Β

-
Α

=
0

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

1

2

3

4

5

6

Èmbs
' È�ms

A
rg

Hm b
s

'
L

Bs mixing

m
H

=
m

A
=

50
0G

eV
,t

Β
=

5,
c Β

-
Α

=
0

1plots are preliminary


