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Quarks

Gauge Bosons

Leptons

Higgs Boson

Spin 1/2 
Charge 2/3 : Up type 
Charge -1/3: Down type

Spin 1/2 
Charge -1: e, μ, 𝜏 
Charge 0: Neutrinos

Spin 1 
Charge 0 : g, ɣ, Z 
Charge ±1: W

Spin 0 
Charge 0

The Standard Model of Particle Physics



Why are elementary particles massive?

Higgs field

massless

light

heavy

The Higgs mechanism 
explains why 
fundamental particles are 
massive.
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Higgs field

massless

light

heavy

The Higgs mechanism 
explains why 
fundamental particles are 
massive. The Nobel Prize in Physics 2013 was awarded 

jointly to François Englert and Peter W. Higgs 
"for the theoretical discovery of a mechanism 
that contributes to our understanding of the 
origin of mass of subatomic particles, and which 
recently was confirmed through the discovery of 
the predicted fundamental particle, by the ATLAS 
and CMS experiments at CERN's Large Hadron 
Collider"



Why are fermion masses so different?

Fermion mass hierarchy:  
At least 6 orders of magnitude 

top mass = 170.000 x up mass

Electron Muon Tau

Down Strange Bottom

Up Charm Top

Neutrino 1 Neutrino 2 Neutrino 3. . .
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1. Loop Induced

2. Extra Dimensions

4. Froggatt Nielsen 

3. Partial Compositeness
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Theories of Flavor



Illustration: 

hSi = f ) yb = ✏y

 and

yb = ✏ yf

Can we discover this mechanism?
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In general, the flavor scale can be 
arbitrarily high!



Why should the flavor scale be low?

• Why not? 

• A link to Baryogenesis? 

• A link to Dark Matter? 

• It could be related to the electroweak scale 

Talk by Iason Baldes 14:15 
phil16



Why should the flavor scale be low?

• Why not? 

• A link to Baryogenesis? 

• A link to Dark Matter? 

• It could be related to the electroweak scale 



4

II. FLAVON MODEL

In the simplest flavon setup we assume that the Standard Model fermions and the Higgs carry
charges under a global U(1) or a discrete subgroup. In that case the usual, renormalizable Yukawa
couplings are forbidden, apart from the top Yukawa coupling. Introducing a complex scalar field
S with flavor charge aS = 1, we write

L
Yukawa

= ydij

✓
S

⇤

◆nd
ij

QiH dRj + yuij

✓
S
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◆nu
ij
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eH uRj

+ y`ij

✓
S

⇤

◆n`
ij

LiH `Rj + y⌫ij

✓
S

⇤

◆n⌫
ij

Li
eH ⌫Rj + h.c. (1)

The indices i, j = 1, 2, 3 link the the fundamental Yukawa couplings yij and the corresponding
powers of S/⇤, and the last term assumes the presence of right-handed neutrinos. The field S
develops a VEV through a potential

�L
potential

= �µ2

S S†S + �S (S†S)2 + b (S2 + S†2) + �HS(S
†S)(H†H) + V (H) . (2)

At this point we neglect the portal interaction, �HS = 0. In its presence, Higgs–flavon mixing and
deviations of the Higgs couplings are an alternative strategy to search for the flavon. The VEV hSi
and the ultraviolet mass scale ⇤ define a single expansion parameter ✏ which describes the entire
flavor structure of the Standard Model,

✏ =
f

⇤
⌘ hSi

⇤
=

1

⇤

s
µ2

S

�S
with v < f < ⇤ . (3)

The fundamental Yukawa matrices are assumed to be anarchic and of order one with an arbitrary
phase

|yu,d,`| ⇡

0

@
1 1 1
1 1 1
1 1 1

1

A . (4)

In the Lagrangian given by Eq.(1) the flavor structure is controlled by the number of insertions
nij , which generate the e↵ective Yukawa couplings

L
Yukawa

= Y d
ij QiH dRj + Y u

ij Qi
eH uRj + Y `

ij LiH `Rj + Y ⌫
ij Li

eH ⌫Rj + h.c. , (5)

with Yij = yij ✏
nij .

The potential given by Eq.(2) and with the additional assumption �HS = 0 defines physical
flavon fields as excitations around the VEV,

S(x) =
f + s(x) + i a(x)p

2
. (6)

The masses of the scalar and pseudo-scalar components are given by

ms =
p
2µS =

p
2�Sf and ma = 2

p
b . (7)

The mass of the pseudo-scalar ‘pion’ of flavor breaking remains a free parameter. It if stays below
the flavor scale we can assume the mass hierarchy

ma < ms ⇡ f < ⇤ . (8)

The pseudoscalar component of the flavon is most likely the first resonance in a search for a
mechanism behind the flavor structure of the Standard Model. In an abuse of notation, we will
therefore refer to it as the pseudoscalar flavon.
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Flavon Potential

Scalar potential leads to a flavor breaking minimum

Two degrees of freedom

With masses
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µ2
s � 2b f

ma =
p
2b



Yukawa Couplings

LYukawa = ydij
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Exponents are fixed by U(1) 
flavor charges.

Yukawa couplings for quarks and leptons

5

Flavon couplings

The exponents defined in Eq.(1) can be expressed in terms of the flavor charges of the fermions
and Higgs bosons. For the quarks they read

nd
ij = aQi � adj � aH

nu
ij = aQi � auj + aH , (9)

where auj = au,c,t and adj = ad,s,b denote the flavor charges of the three generations of quark
singlets, aQi are the flavor charges of the three generations of quark doublets, and aH is the flavor
charge of the Higgs. We give the values of these ten charges relevant for the quark sector in the
Appendix. For our numerical analysis we assume that the expansion parameter ✏ defined in Eq.(3)
is set by the Cabibbo angle

✏ =
f

⇤
⌘ (V

CKM

)
12

⇡ 0.23 with V
CKM

= U †
u Ud . (10)

As discussed in more detail in the Appendix, the CKM matrix then has the structure

(V
CKM

)
12

⇡ ✏ (V
CKM

)
23

⇡ ✏2 (V
CKM

)
13

⇡ ✏3 , (11)

and the quark masses are
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mc
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⇡ ✏4

ms

mt
⇡ ✏5

md

mt
⇡ ✏7

mu

mt
⇡ ✏8 . (12)

The flavon couplings to fermions in the mass eigen-basis are linked to the Yukawa couplings,

guafiLfjR ⌘ guaij =
1

f

0
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8mu ✏mc ✏3mt

✏3mc 4mc ✏2mt

✏5mt ✏2mt 0
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A gdaij =
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where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.

In the lepton sector the exponents in Eq.(1) are again given by

n`
ij = aLi � a`j � aH

n⌫
ij = aLi � a⌫j + aH , (14)

in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
are given in the Appendix. Unlike for the CKM case of Eq.(11) we assume a democratic leptonic
mixing matrix

U
PMNS

⇡

0

@
1 ✏ ✏
✏ 1 1
✏ 1 1

1

A (15)

The expansion parameter is the same as in the quark sector, ✏ ⇡ 0.23, resulting in the lepton mass
ratios

m⌧

mt
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mµ
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⇡ ✏5

me
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⇡ ✏8

m⌫1
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⇡ ✏24

m⌫2
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⇡ ✏21

m⌫3
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⇡ ✏20 . (16)
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Quark and Lepton Masses
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II. FLAVON MODEL

In the simplest flavon setup we assume that the Standard Model fermions and the Higgs carry
charges under a global U(1) or a discrete subgroup. In that case the usual, renormalizable Yukawa
couplings are forbidden, apart from the top Yukawa coupling. Introducing a complex scalar field
S with flavor charge aS = 1, we write

L
Yukawa

= ydij

✓
S

⇤

◆nd
ij

QiH dRj + yuij

✓
S

⇤

◆nu
ij

Qi
eH uRj

+ y`ij

✓
S

⇤

◆n`
ij

LiH `Rj + y⌫ij

✓
S

⇤

◆n⌫
ij

Li
eH ⌫Rj + h.c. (1)

The indices i, j = 1, 2, 3 link the the fundamental Yukawa couplings yij and the corresponding
powers of S/⇤, and the last term assumes the presence of right-handed neutrinos. The field S
develops a VEV through a potential

�L
potential

= �µ2

S S†S + �S (S†S)2 + b (S2 + S†2) + �HS(S
†S)(H†H) + V (H) . (2)

At this point we neglect the portal interaction, �HS = 0. In its presence, Higgs–flavon mixing and
deviations of the Higgs couplings are an alternative strategy to search for the flavon. The VEV hSi
and the ultraviolet mass scale ⇤ define a single expansion parameter ✏ which describes the entire
flavor structure of the Standard Model,

✏ =
f

⇤
⌘ hSi

⇤
=

1

⇤

s
µ2

S

�S
with v < f < ⇤ . (3)

The fundamental Yukawa matrices are assumed to be anarchic and of order one with an arbitrary
phase

|yu,d,`| ⇡

0

@
1 1 1
1 1 1
1 1 1

1

A . (4)

In the Lagrangian given by Eq.(1) the flavor structure is controlled by the number of insertions
nij , which generate the e↵ective Yukawa couplings

L
Yukawa

= Y d
ij QiH dRj + Y u

ij Qi
eH uRj + Y `

ij LiH `Rj + Y ⌫
ij Li

eH ⌫Rj + h.c. , (5)

with Yij = yij ✏
nij .

The potential given by Eq.(2) and with the additional assumption �HS = 0 defines physical
flavon fields as excitations around the VEV,

S(x) =
f + s(x) + i a(x)p

2
. (6)

The masses of the scalar and pseudo-scalar components are given by

ms =
p
2µS =

p
2�Sf and ma = 2

p
b . (7)

The mass of the pseudo-scalar ‘pion’ of flavor breaking remains a free parameter. It if stays below
the flavor scale we can assume the mass hierarchy

ma < ms ⇡ f < ⇤ . (8)

The pseudoscalar component of the flavon is most likely the first resonance in a search for a
mechanism behind the flavor structure of the Standard Model. In an abuse of notation, we will
therefore refer to it as the pseudoscalar flavon.
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where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.
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in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
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where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.

In the lepton sector the exponents in Eq.(1) are again given by

n`
ij = aLi � a`j � aH

n⌫
ij = aLi � a⌫j + aH , (14)

in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
are given in the Appendix. Unlike for the CKM case of Eq.(11) we assume a democratic leptonic
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The large neutrino charges can be smaller if a Majorana mass term exists. One attractive way to
implement it is to assume a flavor charge of ⌫R = 1/2, such that

L
Majorana

= M⌫ ⌫R⌫R , (17)

with M⌫ = f . As for the quark case, the flavon couplings are related to the Yukawa couplings,
modulo order-one corrections in the o↵-diagonal terms of
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While they are not immediately relevant for our phenomenological analysis we note that the cor-
responding scalar couplings to fermions except for the top Yukawa can be read o↵ Eq.(13) and
Eq.(18). Following the field definition in Eq.(6) we find consistently

gsfiLfjR = i gafiLfjR or gsij = igaij , (19)

to leading order and for all fermions except for i = j = t.

Flavon couplings to gauge bosons are not as easily generated, so we will not consider signatures
where they play a significant role. Depending on the model, they can arise through one-loop
triangle diagrams and are dominated by the b-loop unless the flavor group is an anomalous global
U(1). In that case there exist anomalous couplings to gluons and photons

L
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where sums over flavors are implied in the second line.

Flavon decays

Given the flavon couplings to fermions we can now compute the flavon branching ratios, which
will guide us to possible signatures at colliders. Obviously, flavon decays to a pair of fermions occur
at tree level, but unlike for example a Higgs boson the decays do not have to be flavor-diagonal.
The general form of the corresponding partial width is
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In addition, we can compute the loop-induced partial widths to gluons or photons, just like for
the Higgs. The numerical result for our parameter choice ✏ = 0.23 is given in Fig. 1. As long as
ma < mt the main decay channels are similar to the Higgs case, with a ! bb̄ dominating over
a ! ⌧⌧ due to the larger Yukawa coupling and the color factor Nc. Above threshold the decays
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II. FLAVON MODEL

In the simplest flavon setup we assume that the Standard Model fermions and the Higgs carry
charges under a global U(1) or a discrete subgroup. In that case the usual, renormalizable Yukawa
couplings are forbidden, apart from the top Yukawa coupling. Introducing a complex scalar field
S with flavor charge aS = 1, we write

L
Yukawa

= ydij

✓
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✓
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✓
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◆n`
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LiH `Rj + y⌫ij

✓
S

⇤

◆n⌫
ij

Li
eH ⌫Rj + h.c. (1)

The indices i, j = 1, 2, 3 link the the fundamental Yukawa couplings yij and the corresponding
powers of S/⇤, and the last term assumes the presence of right-handed neutrinos. The field S
develops a VEV through a potential

�L
potential

= �µ2

S S†S + �S (S†S)2 + b (S2 + S†2) + �HS(S
†S)(H†H) + V (H) . (2)

At this point we neglect the portal interaction, �HS = 0. In its presence, Higgs–flavon mixing and
deviations of the Higgs couplings are an alternative strategy to search for the flavon. The VEV hSi
and the ultraviolet mass scale ⇤ define a single expansion parameter ✏ which describes the entire
flavor structure of the Standard Model,

✏ =
f

⇤
⌘ hSi

⇤
=

1
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s
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�S
with v < f < ⇤ . (3)

The fundamental Yukawa matrices are assumed to be anarchic and of order one with an arbitrary
phase

|yu,d,`| ⇡

0

@
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1

A . (4)

In the Lagrangian given by Eq.(1) the flavor structure is controlled by the number of insertions
nij , which generate the e↵ective Yukawa couplings

L
Yukawa

= Y d
ij QiH dRj + Y u

ij Qi
eH uRj + Y `

ij LiH `Rj + Y ⌫
ij Li

eH ⌫Rj + h.c. , (5)

with Yij = yij ✏
nij .

The potential given by Eq.(2) and with the additional assumption �HS = 0 defines physical
flavon fields as excitations around the VEV,

S(x) =
f + s(x) + i a(x)p

2
. (6)

The masses of the scalar and pseudo-scalar components are given by

ms =
p
2µS =

p
2�Sf and ma = 2

p
b . (7)

The mass of the pseudo-scalar ‘pion’ of flavor breaking remains a free parameter. It if stays below
the flavor scale we can assume the mass hierarchy

ma < ms ⇡ f < ⇤ . (8)

The pseudoscalar component of the flavon is most likely the first resonance in a search for a
mechanism behind the flavor structure of the Standard Model. In an abuse of notation, we will
therefore refer to it as the pseudoscalar flavon.
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Flavon couplings

The exponents defined in Eq.(1) can be expressed in terms of the flavor charges of the fermions
and Higgs bosons. For the quarks they read

nd
ij = aQi � adj � aH

nu
ij = aQi � auj + aH , (9)

where auj = au,c,t and adj = ad,s,b denote the flavor charges of the three generations of quark
singlets, aQi are the flavor charges of the three generations of quark doublets, and aH is the flavor
charge of the Higgs. We give the values of these ten charges relevant for the quark sector in the
Appendix. For our numerical analysis we assume that the expansion parameter ✏ defined in Eq.(3)
is set by the Cabibbo angle

✏ =
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⇤
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CKM

)
12

⇡ 0.23 with V
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= U †
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As discussed in more detail in the Appendix, the CKM matrix then has the structure
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The flavon couplings to fermions in the mass eigen-basis are linked to the Yukawa couplings,
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where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.

In the lepton sector the exponents in Eq.(1) are again given by

n`
ij = aLi � a`j � aH

n⌫
ij = aLi � a⌫j + aH , (14)

in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
are given in the Appendix. Unlike for the CKM case of Eq.(11) we assume a democratic leptonic
mixing matrix

U
PMNS

⇡

0

@
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✏ 1 1
✏ 1 1
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A (15)

The expansion parameter is the same as in the quark sector, ✏ ⇡ 0.23, resulting in the lepton mass
ratios

m⌧

mt
⇡ ✏3

mµ

mt
⇡ ✏5

me

mt
⇡ ✏8

m⌫1

mt
⇡ ✏24

m⌫2

mt
⇡ ✏21

m⌫3

mt
⇡ ✏20 . (16)

5

Flavon couplings

The exponents defined in Eq.(1) can be expressed in terms of the flavor charges of the fermions
and Higgs bosons. For the quarks they read

nd
ij = aQi � adj � aH

nu
ij = aQi � auj + aH , (9)

where auj = au,c,t and adj = ad,s,b denote the flavor charges of the three generations of quark
singlets, aQi are the flavor charges of the three generations of quark doublets, and aH is the flavor
charge of the Higgs. We give the values of these ten charges relevant for the quark sector in the
Appendix. For our numerical analysis we assume that the expansion parameter ✏ defined in Eq.(3)
is set by the Cabibbo angle

✏ =
f

⇤
⌘ (V

CKM

)
12

⇡ 0.23 with V
CKM

= U †
u Ud . (10)

As discussed in more detail in the Appendix, the CKM matrix then has the structure

(V
CKM

)
12

⇡ ✏ (V
CKM

)
23

⇡ ✏2 (V
CKM

)
13

⇡ ✏3 , (11)

and the quark masses are

mt ⇡
vp
2

mb

mt
⇡ ✏3

mc

mt
⇡ ✏4

ms

mt
⇡ ✏5

md

mt
⇡ ✏7

mu

mt
⇡ ✏8 . (12)

The flavon couplings to fermions in the mass eigen-basis are linked to the Yukawa couplings,

guafiLfjR ⌘ guaij =
1

f

0

@
8mu ✏mc ✏3mt

✏3mc 4mc ✏2mt

✏5mt ✏2mt 0

1

A gdaij =
1

f

0

@
7md ✏ms ✏3mb

✏ms 5ms ✏2mb

✏mb ✏2mb 3mb

1

A . (13)

where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.

In the lepton sector the exponents in Eq.(1) are again given by

n`
ij = aLi � a`j � aH

n⌫
ij = aLi � a⌫j + aH , (14)

in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
are given in the Appendix. Unlike for the CKM case of Eq.(11) we assume a democratic leptonic
mixing matrix

U
PMNS

⇡

0

@
1 ✏ ✏
✏ 1 1
✏ 1 1

1

A (15)

The expansion parameter is the same as in the quark sector, ✏ ⇡ 0.23, resulting in the lepton mass
ratios

m⌧

mt
⇡ ✏3

mµ

mt
⇡ ✏5

me

mt
⇡ ✏8

m⌫1

mt
⇡ ✏24

m⌫2

mt
⇡ ✏21

m⌫3

mt
⇡ ✏20 . (16)

6

The large neutrino charges can be smaller if a Majorana mass term exists. One attractive way to
implement it is to assume a flavor charge of ⌫R = 1/2, such that

L
Majorana

= M⌫ ⌫R⌫R , (17)

with M⌫ = f . As for the quark case, the flavon couplings are related to the Yukawa couplings,
modulo order-one corrections in the o↵-diagonal terms of
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While they are not immediately relevant for our phenomenological analysis we note that the cor-
responding scalar couplings to fermions except for the top Yukawa can be read o↵ Eq.(13) and
Eq.(18). Following the field definition in Eq.(6) we find consistently

gsfiLfjR = i gafiLfjR or gsij = igaij , (19)

to leading order and for all fermions except for i = j = t.

Flavon couplings to gauge bosons are not as easily generated, so we will not consider signatures
where they play a significant role. Depending on the model, they can arise through one-loop
triangle diagrams and are dominated by the b-loop unless the flavor group is an anomalous global
U(1). In that case there exist anomalous couplings to gluons and photons
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where sums over flavors are implied in the second line.

Flavon decays

Given the flavon couplings to fermions we can now compute the flavon branching ratios, which
will guide us to possible signatures at colliders. Obviously, flavon decays to a pair of fermions occur
at tree level, but unlike for example a Higgs boson the decays do not have to be flavor-diagonal.
The general form of the corresponding partial width is
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In addition, we can compute the loop-induced partial widths to gluons or photons, just like for
the Higgs. The numerical result for our parameter choice ✏ = 0.23 is given in Fig. 1. As long as
ma < mt the main decay channels are similar to the Higgs case, with a ! bb̄ dominating over
a ! ⌧⌧ due to the larger Yukawa coupling and the color factor Nc. Above threshold the decays
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The indices i, j = 1, 2, 3 link the the fundamental Yukawa couplings yij and the corresponding
powers of S/⇤, and the last term assumes the presence of right-handed neutrinos. The field S
develops a VEV through a potential
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At this point we neglect the portal interaction, �HS = 0. In its presence, Higgs–flavon mixing and
deviations of the Higgs couplings are an alternative strategy to search for the flavon. The VEV hSi
and the ultraviolet mass scale ⇤ define a single expansion parameter ✏ which describes the entire
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In the Lagrangian given by Eq.(1) the flavor structure is controlled by the number of insertions
nij , which generate the e↵ective Yukawa couplings
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The potential given by Eq.(2) and with the additional assumption �HS = 0 defines physical
flavon fields as excitations around the VEV,
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The mass of the pseudo-scalar ‘pion’ of flavor breaking remains a free parameter. It if stays below
the flavor scale we can assume the mass hierarchy

ma < ms ⇡ f < ⇤ . (8)

The pseudoscalar component of the flavon is most likely the first resonance in a search for a
mechanism behind the flavor structure of the Standard Model. In an abuse of notation, we will
therefore refer to it as the pseudoscalar flavon.
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Flavon couplings

Effects from flavon interactions lead to
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Figure 5. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

and the results for our benchmark point are shown in Figure ??.
[2]

B. Constraints from Leptonic Meson Decays

Flavon mediated tree-level decays of neutral mesons into charged leptons can be described by
the e↵ective Hamiltonian
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(37)
and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
the decay of a neutral meson M(q̄iqj) ! `+`� is given by
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in which �(x) =
p
1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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Figure 3. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

1. K � K̄ Mixing

We define

C✏K =
ImhK0|H�F=2|K̄0i
ImhK0|H�F=2

SM

|K̄0i
, C

�mK =
RehK0|H�F=2|K̄0i
RehK0|H�F=2

SM

|K̄0i
, (27)

in which H�F=2 includes the SM and flavon contribution, while H�F=2

SM

parameterizes the SM
contribution. The UTfit collaboration reports [? ]

C✏K = 1.05+0.36
�0.28 @95%CL , C

�mK
= 0.93+1.14

�0.42 @95%CL . (28)

On the left panel of Figure 2, we show the region excluded by contributions from scalar and
pseudoscalar flavon exchange to C✏K (orange) and C

�mK (red) for our benchmark point and �S = 2.
The dip feature is due to the accidental cancellation in Csd

2

and C̃sd
2

for ma = ms. It is a universal
feature in K � K̄ mixing, unless the contribution to Csd

4

completely dominates over Csd
2

and C̃sd
2

.
The position of the dip however depends on the sign and the exact numerical value of the couplings.
For our benchmark for example, the dip is below ma = 100 GeV and therefore not visible in the
plot. The position also depends on the scalar quartic �S , which also determines the excluded value
of f for large ma. The right panel of Figure 2 shows the variation in the C✏K exclusion contour for
�S = 0.5 (dotted blue), �S = 2 (orange), and the maximal value �S = 4⇡.

We adopt the lattice results from [5].

2. Bq � B̄q Mixing

We define

CBqe
2i'Bq =

hBq|H�F=2|B̄qi
hBq|H�F=2

SM

|B̄qi
, (29)
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Figure 2. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

III. QUARK FLAVOR CONSTRAINTS

A. Constraints from Neutral Meson Mixing

Because flavon models with the coupling structure given in Eq.(13) lead to flavor-changing
neutral currents, strong limits are expected from meson anti-meson mixing. The corresponding
e↵ective Hamiltonian describing interactions with �F = 2 reads

H�F=2
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j
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1
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j
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(q̄iR qjL) (q̄
i
L qjR) + Cij

5

(q̄iL �µ q
j
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i
R �µqjR) + h.c. (25)

At tree-level flavon exchange generates the dimension-6 Wilson coe�cients [? ],
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◆
. (26)

For ma = ms the two contributions to C
2

and eC
2

cancel, while there is a constructive interference
in C

4

. Given that the masses in Eq.(7) are set by independent scales, such a cancellation would be
accidental. Depending on the meson system, there can be sizable enhancement from RG running
and matrix elements. We implement RG running using [? ] and the matrix elements given in Table
??, matching the scalar and pseudoscalar flavon contributions at µ = ms and µ = ma, respectively.
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and the results for our benchmark point are shown in Figure ??.
[2]

B. Constraints from Leptonic Meson Decays

Flavon mediated tree-level decays of neutral mesons into charged leptons can be described by
the e↵ective Hamiltonian

H
e↵

= �G2

FM
2

W

⇡2

⇣
Cij
S (q̄iPLqj)¯̀̀ + C̃ij

S (q̄iPRqj)¯̀̀ + Cij
P (q̄iPLqj)¯̀�5`+ C̃ij

P (q̄iPRqj)¯̀�5`
⌘
+ h.c. ,

(37)
and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
the decay of a neutral meson M(q̄iqj) ! `+`� is given by

BR(M ! ``) =
G4

FM
4

W

8⇡5

�

✓
m`

MM

◆
MMf2

Mm2

`⌧M

⇥

8
<

:

�����
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M

�
Cij
P � C̃ij

P

�

2m`(mi +mj)
� CSM

A

�����

2

+

�����
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M

�
Cij
S � C̃ij

S

�

2m`(mi +mj)

�����
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✓
m`

MM

◆9=

; (38)

in which �(x) =
p
1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by

C
SM

= �V ⇤
tbVts Y

✓
m2

t

M2

W

◆
(39)

with

Y (x) = ⌘
QCD

x

8


4� x

1� x
+

3x

(1� x)2
ln(x)

�
(40)

where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)

✏K ,�mK

��� ��� ���
���

���

���
Varying the scalar quartic

�S = 2
�S = 0.5

�S = 4⇡

Quark Flavor constraints

��� ��� ���
���

���

���



Using recent Lattice results 1602.03560 MILC & Fermilab Lattice 

11

M M

M

µ

µ

µ

e

e

e

a, s

a, s

a, s

e

M M

a, s

t t DD

a, s

M M

M

µ

µ

µ

e

e

e

a, s

a, s

a, s

e

M M

a, s

t t DD

a, s

Figure 5. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

and the results for our benchmark point are shown in Figure ??.
[2]

B. Constraints from Leptonic Meson Decays

Flavon mediated tree-level decays of neutral mesons into charged leptons can be described by
the e↵ective Hamiltonian

H
e↵

= �G2

FM
2

W

⇡2

⇣
Cij
S (q̄iPLqj)¯̀̀ + C̃ij

S (q̄iPRqj)¯̀̀ + Cij
P (q̄iPLqj)¯̀�5`+ C̃ij

P (q̄iPRqj)¯̀�5`
⌘
+ h.c. ,

(37)
and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
the decay of a neutral meson M(q̄iqj) ! `+`� is given by

BR(M ! ``) =
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in which �(x) =
p
1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by
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with
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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Figure 4. Left to right: diagrams showing flavon contributions to meson mixing processes at tree level and
loop level, and diagram showing flavon contributions to leptonic and semi-leptonic Meson decays.

The UTfit collaboration reports [? ]

CBd = 1.07+0.36
�0.31 @95%CL , 'Bd = �2.0+6.4

�6.0 @95%CL , (30)

CBs = 1.052+0.178
�0.152 @95%CL , 'Bs = 0.72+3.98

�2.28 @95%CL . (31)

(32)

The left and right panel of Figure 6 shows the excluded regions in the f � ma plane for our
benchmark point in the Bd � B̄d and Bs � B̄s system, respectively. The regions excluded by
flavon and pseudoscalar contributions to CBd and 'Bd are shaded green and regions excluded by
contributions to CBs and 'Bs are shaded green are shaded blue.

Under optimistic assumptions, the sensitivity on new physics in the Bd�B̄d and Bs�B̄s systems
will improve by a factor of five by the time the second run of the LHC finishes. [2]

and the results for our benchmark point are shown in Figure 6. Here, we use the recently
published lattice results [1].

3. D � D̄ Mixing

We define
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2i'Bq =
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SM
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and the results for our benchmark point are shown in Figure ??.
[2]

B. Constraints from Leptonic Meson Decays

Flavon mediated tree-level decays of neutral mesons into charged leptons can be described by
the e↵ective Hamiltonian

H
e↵

= �G2

FM
2

W

⇡2

⇣
Cij
S (q̄iPLqj)¯̀̀ + C̃ij

S (q̄iPRqj)¯̀̀ + Cij
P (q̄iPLqj)¯̀�5`+ C̃ij

P (q̄iPRqj)¯̀�5`
⌘
+ h.c. ,

(37)
and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
the decay of a neutral meson M(q̄iqj) ! `+`� is given by

BR(M ! ``) =
G4

FM
4

W
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; (38)

in which �(x) =
p
1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by

C
SM

= �V ⇤
tbVts Y

✓
m2

t

M2

W

◆
(39)

with

Y (x) = ⌘
QCD

x
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4� x

1� x
+

3x

(1� x)2
ln(x)

�
(40)

where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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and are generated by diagrams of the type shown on the right of Figure 5. The branching ratio for
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in which �(x) =
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1� 4x2. The SM contribution is generated at one loop, and for the Bs-system

is to a very good approximation given by
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
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and LHCb [] measurements yields
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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where ⌘
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= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
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In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
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and LHCb [] measurements yields
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The Wilson coe�cients generated by flavon exchange read
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Since the scalar contributions do not interfere with the SM contribution, the resulting constraints
are almost independent from the scalar mass. In particular, they are insensitive to the value of the
quartic coupling �S .
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in which �(x) =
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
�0.6 ⇥ 10�9 . (41)

In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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in which �(x) =
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is to a very good approximation given by
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where ⌘
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= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []

BR(Bs ! µ+µ�) = 2.8+0.7
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In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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where ⌘
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= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []
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In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
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where ⌘
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= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []
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In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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where ⌘
QCD

= 1.0113 parametrizes higher order corrections and we employ the numerical input
of[4]. Due to the sizable width di↵erence of the Bs-meson system, the theoretical prediction has to
be rescaled by (1�ys)�1, where ys = 0.088±0.014 [], before being compared with the experimental
result []
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In the case of the Bd-system, the corresponding correction is negligible and the SM prediction
follows from a straightforward replacement of indices in (39). The recent combination of CMS []
and LHCb [] measurements yields

BR(Bd ! µ+µ�) = 3.6± 1.6⇥ 10�10 . (42)
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Figure 9. Left to right: diagrams showing flavon contributions to µ ! e� at one-loop level and two-loop
level, as well as flavon contributions to µ ! eee.

Here, we use the results of [10, 11], based on the lattice average from [12], ⇤

fp
u = 0.0191 , fn

u = 0.0171 ,

fp
d = 0.0363 , fn

d = 0.0404 ,

fp
s = fn

s = 0.043 . (54)

The leading contribution is due to the dipole diagrams shown on the left of Figure 9, where the
photon is attached to the nucleus. The corresponding Wilson coe�cients are given in (46). Contri-
butions from tree-level flavon exchange are an order of magnitude smaller for the first generation,
of comparable size for the second generation and even larger for the bottom quark. The relevant
diagram is shown on the left of Figure 10 and we find

CSL
qq =

✓
1

m2

s

+
1

m2

a

◆
g⇤µeRe(gqq) ,

CSR
qq =

✓
1

m2

s

� 1

m2

a

◆
geµRe(gqq) . (55)

Contributions to CL,R
gg arise only from integrating out the non-dynamical heavy quarks and we

absorb them in C̃SL
p and C̃SL

n . The relevant diagram is shown on the right hand side of Figure 10.
We further find, in agreement with ??, that contributions from vector operators are smaller than
all scalar Wilson coe�cients and can be neglected. Note, that Barr-Zee type diagrams, as shown
in Figure 9, which generate the dominant contributions to both µ ! e� and µ ! e conversion for
lepton flavor violating Higgs couplings are small due to the absence of couplings to the top quark.

Currently, the strongest bound on µ ! e conversion is set by SINDRUM II at PSI, using a gold
target

BR(µ ! e)Au < 7⇥ 10�13 , (56)

but the future DeeMe and COMET experiments at J-PARC aim to improve these bounds using a
silicium a aluminium target, respectively

BR(µ ! e)Si < 2⇥ 10�14 , (57)

BR(µ ! e)Al < 6⇥ 10�17 . (58)

The region excluded by the current and future limits are shown in Figure 8.
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where CR
T = (CL

T )
⇤. Even through these contributions are loop induced, they result in stronger

bounds than flavon e↵ects in `0 ! 3`. In particular for µ ! e� the chirally enhanced second term
in (46) leads to sizable contributions. Current bounds are

BR(µ ! e�) < 5.7⇥ 10�13 , (47)

BR(⌧ ! µ�) < 4.4⇥ 10�8 , (48)

while the upgraded MEG II experiment has a projected sensitivity of BR(µ ! e�) = 6 ⇥ 10�14.
In Figure 7 we show the excluded region in the ma � f plane from flavon contributions to µ ! e�
shaded blue. The projected exclusion from MEG II is shown as a dashed, red contour.
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with p and n denoting the proton and neutron, respectively. The coe�cientsD,Sp,n and V p,n are dimensionless
functions of the overlap integrals of the initial state muon and the final-state electron wave-functions with
the target nucleus. We use the numerical values [? ]

Target D Sp Sn V p V n �
capt

[10�6s]
Au 0.189 0.0614 0.0918 0.0974 0.146 13.06
Al 0.0362 0.0155 0.0167 0.0161 0.0173 0.705
Si 0.0419 0.0179 0.0179 0.0187 0.0187 0.871

with �
capt

denoting the muon capture rate.

Currently, the strongest experimental bound on µ ! e conversion is set by SINDRUM II, using a gold
target [? ]

BR(µ ! e)Au < 7 · 10�13 ; (48)

but the future DeeMe [? ] and COMET [? ] experiments as well as Mu2e [? ] aim to improve these bounds
using a silicon or an aluminum target. Their projections are

BR(µ ! e)Si < 2 · 10�14 and BR(µ ! e)Al < 6 · 10�17 . (49)

The region excluded by the current and future limits are shown in Fig. ??. Compared to the quark flavor
constraints for example from meson mixing we see that current lepton flavor constraints are weaker, but will
soon become dominant.

Decays µ ! 3e and ⌧ ! 3µ

The flavor-violating lepton decays µ ! 3e, ⌧ ! 3µ and decays with mixed flavor final states provide
additional probes of the dipole operators in (??). The corresponding decay width is well approximated by

�(`0 ! 3`) =
↵m5

`0

12⇡2

����log
m2

`0

m2

`

� 11

4

����
�|CL

T |2 + |CT
R |2

�
. (50)

There are additional contributions already arising at tree-level from diagrams like the one shown on the right
in Fig. ??. Due to the strong chiral suppression of the tree level and the logarithmic enhancement of the
dipole contributions, the latter dominate the former by four orders of magnitude in the case of µ ! 3e. In
the case of ⌧ ! 3µ, the tree-level contributions are important. Contributions from Z penguins induced by
flavon exchange are suppressed with respect to the photon penguins and are neglected [? ].

Currently, the most stringent current bounds on flavor violating three-body decays are [? ? ]

BR(⌧ ! 3µ) < 2.1 · 10�8 ,

BR(⌧ ! 3e) < 2.7 · 10�8 ,

BR(µ ! 3e) < 1.0 · 10�12 . (51)

The bounds on rare tau decays do not constrain our parameter space in the interesting region. The upcoming
runs of the Mu3e experiment plan to improve the limit on BR(µ ! 3e) by three orders of magnitude during
phase I and another order of magnitude during phase II [? ]. We show the excluded region in the ma � f
plane from current and projected bounds in Fig. ??.

11

Figure 5. Left: regions in the ma � f plane excluded by flavon contributions to the decay Bs ! µ+µ�. Right:
parameter space where the branching ratio for Bd ! µ+µ� stays within the 2� confidence interval (shaded gray), as
well as contours of 1%, 5% and 10% enhancement with respect to the SM prediction.
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Figure 6. Feynman diagrams showing flavon contributions to µ ! e� at one-loop level and two-loop level, which enter
µ ! 3e for virtual photons decaying into e+e� pairs, as well as tree-level flavon contributions to µ ! 3e.

the coming years. We can use the same benchmark point for these lepton flavor experiments as for collider
searches, because the lepton and quark sectors of our flavon models can be adapted independently.

Decay µ ! e�

Radiative leptonic decays are mediated by dipole operators

L
e↵

= m`0 C
L
T
¯̀�⇢�PL `0 F⇢� +m`0 C

R
T
¯̀�⇢�PR `0 F⇢� . (38)

giving a branching ratio

BR(`0 ! `�) =
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�
. (39)

The relevant one-loop diagram for the flavon contribution, shown in Fig. ??, gives the Wilson coe�cients
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Mu3E will improve this by 3-4 
orders of magnitude!

Mu3E phase I

Mu3E phase II

current
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Figure 9. Left to right: diagrams showing flavon contributions to µ ! e� at one-loop level and two-loop
level, as well as flavon contributions to µ ! eee.

Here, we use the results of [10, 11], based on the lattice average from [12], ⇤

fp
u = 0.0191 , fn

u = 0.0171 ,

fp
d = 0.0363 , fn

d = 0.0404 ,

fp
s = fn

s = 0.043 . (54)

The leading contribution is due to the dipole diagrams shown on the left of Figure 9, where the
photon is attached to the nucleus. The corresponding Wilson coe�cients are given in (46). Contri-
butions from tree-level flavon exchange are an order of magnitude smaller for the first generation,
of comparable size for the second generation and even larger for the bottom quark. The relevant
diagram is shown on the left of Figure 10 and we find

CSL
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+
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g⇤µeRe(gqq) ,
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qq =

✓
1

m2

s

� 1

m2

a

◆
geµRe(gqq) . (55)

Contributions to CL,R
gg arise only from integrating out the non-dynamical heavy quarks and we

absorb them in C̃SL
p and C̃SL

n . The relevant diagram is shown on the right hand side of Figure 10.
We further find, in agreement with ??, that contributions from vector operators are smaller than
all scalar Wilson coe�cients and can be neglected. Note, that Barr-Zee type diagrams, as shown
in Figure 9, which generate the dominant contributions to both µ ! e� and µ ! e conversion for
lepton flavor violating Higgs couplings are small due to the absence of couplings to the top quark.

Currently, the strongest bound on µ ! e conversion is set by SINDRUM II at PSI, using a gold
target

BR(µ ! e)Au < 7⇥ 10�13 , (56)

but the future DeeMe and COMET experiments at J-PARC aim to improve these bounds using a
silicium a aluminium target, respectively

BR(µ ! e)Si < 2⇥ 10�14 , (57)

BR(µ ! e)Al < 6⇥ 10�17 . (58)

The region excluded by the current and future limits are shown in Figure 8.

⇤
Using the �-term derived from SU(3)C relations does not change the results qualitatively.
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C. µ ! 3e, ⌧ ! 3µ and ⌧ ! 3µ

The e↵ective Lagrangian parametrizing contributions to `0 ! 3` can be written as

L
e↵

= �2
X

L,R

CAB (¯̀0PA`)(¯̀PB`) , (59)

and the corresponding decay width is

�(`0 ! 3`) =
m5

`

3 · 212⇡3

�
|CLL|2 + |CRR|2 + 2|C2

LR|+ 2|CRL|2
�
. (60)

The dominant contributions from flavon exchange are generated at tree-level from diagrams like
the one shown on the right in Figure 9. The Wilson coe�cients read

CLL = g⇤``0g
⇤
``

✓
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� 1
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s

◆
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+
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m2

s

◆
, (61)

and CRR = C⇤
LL and CRL = C⇤

LR. In the case of µ ! 3e, the largest contribution from one-loop
diagrams such as the one on the left of Figure 9 are suppressed by an additional factor

�2m⌧

9memµ
⇡ 0.1 , (62)

and therefore negligible. For ⌧ ! 3` decays, this suppression is even more pronounced. The most
stringent bounds on flavor violating three-body decays are

BR(⌧ ! 3µ) < 2.1⇥ 10�8 , (63)

BR(⌧ ! 3e) < 2.7⇥ 10�8 , (64)

BR(µ ! 3e) < 1.0⇥ 10�12 . (65)

Mu3e will improve the limit on BR(µ ! 3e) by at least 5 orders of magnitude []. Flavon exchange
however will only result in branching ratios of BR(µ ! 3e) = O(10�20), BR(⌧ ! 3e) = O(10�19)
and BR(⌧ ! 3e) = O(10�16). Charged lepton decays with multiple flavor violations such as
⌧ ! µee are further phase-space suppressed.
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Figure 10. Diagrams showing flavon contributions to µ ! e conversion in nuclei at tree level and one-loop
level.
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Figure 8. Constraints from Flavon contributions to Nµ ! Ne in the ma � f plane.

B. µ ! e conversion

In addition to the dipole operators (44), the following e↵ective operators contribute toNµ ! Ne

L
e↵

= CV L
qq ē�⌫PLµ q̄�⌫q +mµmq C

SL
qq ēPRµ q̄q +mµ↵sC

L
gg ēPRµG⇢⌫G

⇢⌫ +R $ L, (49)

and the conversion rate reads

�Nµ!Ne =
m5

µ

4

���CL
TD + 4

h
mµMpC̃

SL
p + C̃V L

p V p + p ! n
i���

2

, (50)

with p and n denoting proton and neutron, respectively. The coe�cients D,Sp,n and V p,n are
dimensionless functions of the overlap integrals of the initial state muon and the final-state electron
wave-functions with the target nucleus. We use [7, 8]

Target D Sp Sn V p V n �
capt

[10�6s]

Au 0.189 0.0614 0.0918 0.0974 0.146 13.06
Al 0.0362 0.0155 0.0167 0.0161 0.0173 0.705
Si 0.0419 0.0179 0.0179 0.0187 0.0187 0.871

(51)

with �
capt

denoting the muon capture rate. The Wilson coe�cients entering (50) are related to
(49) by

C̃V L
p =

X

q=u,d

CV L
qq fp

Vq
, (52)

C̃SL
p =

X

q=u,d,s

CSL
qq fp

q �
X

Q=c,b,t

CSL
QQ fp

heavy

, (53)

in which fp
Vq
, fp

q , and fp
heavy

= 2/27
�
1�fp

u�fp
d �fp

s

�
account for the quark content of the proton [9]

and analogous expressions with p ! n hold for the neutron with L ! R for the opposite chirality.
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Here, we use the results of [10, 11], based on the lattice average from [12], ⇤
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u = 0.0191 , fn

u = 0.0171 ,
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d = 0.0404 ,
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s = 0.043 . (54)

The leading contribution is due to the dipole diagrams shown on the left of Figure 9, where the
photon is attached to the nucleus. The corresponding Wilson coe�cients are given in (46). Contri-
butions from tree-level flavon exchange are an order of magnitude smaller for the first generation,
of comparable size for the second generation and even larger for the bottom quark. The relevant
diagram is shown on the left of Figure 10 and we find
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Contributions to CL,R
gg arise only from integrating out the non-dynamical heavy quarks and we

absorb them in C̃SL
p and C̃SL

n . The relevant diagram is shown on the right hand side of Figure 10.
We further find, in agreement with ??, that contributions from vector operators are smaller than
all scalar Wilson coe�cients and can be neglected. Note, that Barr-Zee type diagrams, as shown
in Figure 9, which generate the dominant contributions to both µ ! e� and µ ! e conversion for
lepton flavor violating Higgs couplings are small due to the absence of couplings to the top quark.

Currently, the strongest bound on µ ! e conversion is set by SINDRUM II at PSI, using a gold
target

BR(µ ! e)Au < 7⇥ 10�13 , (56)

but the future DeeMe and COMET experiments at J-PARC aim to improve these bounds using a
silicium a aluminium target, respectively

BR(µ ! e)Si < 2⇥ 10�14 , (57)

BR(µ ! e)Al < 6⇥ 10�17 . (58)

The region excluded by the current and future limits are shown in Figure 8.

⇤
Using the �-term derived from SU(3)C relations does not change the results qualitatively.
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level, as well as flavon contributions to µ ! eee.

Here, we use the results of [10, 11], based on the lattice average from [12], ⇤
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d = 0.0404 ,
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s = 0.043 . (54)

The leading contribution is due to the dipole diagrams shown on the left of Figure 9, where the
photon is attached to the nucleus. The corresponding Wilson coe�cients are given in (46). Contri-
butions from tree-level flavon exchange are an order of magnitude smaller for the first generation,
of comparable size for the second generation and even larger for the bottom quark. The relevant
diagram is shown on the left of Figure 10 and we find
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Contributions to CL,R
gg arise only from integrating out the non-dynamical heavy quarks and we

absorb them in C̃SL
p and C̃SL

n . The relevant diagram is shown on the right hand side of Figure 10.
We further find, in agreement with ??, that contributions from vector operators are smaller than
all scalar Wilson coe�cients and can be neglected. Note, that Barr-Zee type diagrams, as shown
in Figure 9, which generate the dominant contributions to both µ ! e� and µ ! e conversion for
lepton flavor violating Higgs couplings are small due to the absence of couplings to the top quark.

Currently, the strongest bound on µ ! e conversion is set by SINDRUM II at PSI, using a gold
target

BR(µ ! e)Au < 7⇥ 10�13 , (56)

but the future DeeMe and COMET experiments at J-PARC aim to improve these bounds using a
silicium a aluminium target, respectively

BR(µ ! e)Si < 2⇥ 10�14 , (57)

BR(µ ! e)Al < 6⇥ 10�17 . (58)

The region excluded by the current and future limits are shown in Figure 8.

⇤
Using the �-term derived from SU(3)C relations does not change the results qualitatively.
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Figure 1. Flavon branching ratios for decays to quarks (right) and leptons (left).

a ! ⌧⌧ due to the larger Yukawa coupling and the color factor Nc. Above threshold the decays
a ! tc̄ and, suppressed by a factor ✏2 ⇡ 1/20, a ! tū dominate, leading to almost all pseudoscalar
flavor decaying as

a ! tj + t̄j . (23)

The one open question at colliders is if the charm in the final state can be e�ciently tagged
to improve a top+jet resonance signal. Following the construction of the Lagrangian without a
suppression f/⇤ in the top Yukawa, the diagonal decay a ! tt̄ does not occur at tree level.

Top decays to flavons

The above discussion leading to the dominant flavor-violating flavon decay shown in Eq.(23)
we can at least for a light flavon turn around: according to Eq.(13) the coupling gatc scales like
✏2mt/f ⇡ mt/(20f), while the... In the limit mc ⌧ ma < mt, the corresponding flavor-changing
top decay width is given by

�(t ! ca)

mt
=
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32⇡

�
|gact|2 + |gatc|2

� ✓
1� m2

a

m2

t

◆
2

. (24)

The corresponding branching ratio can reach values... and gives us a way to search for very light
flavons in anomalous top decays for example at the LHC.
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Flavon couplings

The exponents defined in Eq.(1) can be expressed in terms of the flavor charges of the fermions
and Higgs bosons. For the quarks they read

nd
ij = aQi � adj � aH

nu
ij = aQi � auj + aH , (9)

where auj = au,c,t and adj = ad,s,b denote the flavor charges of the three generations of quark
singlets, aQi are the flavor charges of the three generations of quark doublets, and aH is the flavor
charge of the Higgs. We give the values of these ten charges relevant for the quark sector in the
Appendix. For our numerical analysis we assume that the expansion parameter ✏ defined in Eq.(3)
is set by the Cabibbo angle

✏ =
f

⇤
⌘ (V

CKM

)
12

⇡ 0.23 with V
CKM

= U †
u Ud . (10)

As discussed in more detail in the Appendix, the CKM matrix then has the structure

(V
CKM

)
12

⇡ ✏ (V
CKM

)
23

⇡ ✏2 (V
CKM

)
13

⇡ ✏3 , (11)

and the quark masses are

mt ⇡
vp
2

mb

mt
⇡ ✏3

mc

mt
⇡ ✏4

ms

mt
⇡ ✏5

md

mt
⇡ ✏7

mu

mt
⇡ ✏8 . (12)

The flavon couplings to fermions in the mass eigen-basis are linked to the Yukawa couplings,

guafiLfjR ⌘ guaij =
1

f

0

@
8mu ✏mc ✏3mt

✏3mc 4mc ✏2mt

✏5mt ✏2mt 0

1

A gdaij =
1

f

0

@
7md ✏ms ✏3mb

✏ms 5ms ✏2mb

✏mb ✏2mb 3mb

1

A . (13)

where in the o↵-diagonal terms we neglect order-one factors. The fact that the flavon does not
couple to top quarks reflects our assumption that the corresponding term in the Lagrangian starts
at ✏0, i. e. without any suppression f/⇤.

In the lepton sector the exponents in Eq.(1) are again given by

n`
ij = aLi � a`j � aH

n⌫
ij = aLi � a⌫j + aH , (14)

in terms of the ten flavor charges a`j = ae,µ,⌧ , a⌫j = a⌫e,⌫µ,⌫⌧ , aLi , and aH . Their numerical values
are given in the Appendix. Unlike for the CKM case of Eq.(11) we assume a democratic leptonic
mixing matrix

U
PMNS

⇡

0

@
1 ✏ ✏
✏ 1 1
✏ 1 1

1

A (15)

The expansion parameter is the same as in the quark sector, ✏ ⇡ 0.23, resulting in the lepton mass
ratios

m⌧

mt
⇡ ✏3

mµ

mt
⇡ ✏5

me

mt
⇡ ✏8

m⌫1

mt
⇡ ✏24

m⌫2

mt
⇡ ✏21

m⌫3

mt
⇡ ✏20 . (16)
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The large neutrino charges can be smaller if a Majorana mass term exists. One attractive way to
implement it is to assume a flavor charge of ⌫R = 1/2, such that

L
Majorana

= M⌫ ⌫R⌫R , (17)

with M⌫ = f . As for the quark case, the flavon couplings are related to the Yukawa couplings,
modulo order-one corrections in the o↵-diagonal terms of

g`afiLfjR ⌘ g`aij =
1

f

0

@
9me ✏mµ ✏m⌧

✏3m3

µ 5mµ ✏2m⌧

✏5m⌧ ✏2m⌧ 3m⌧

1

A (18)

While they are not immediately relevant for our phenomenological analysis we note that the cor-
responding scalar couplings to fermions except for the top Yukawa can be read o↵ Eq.(13) and
Eq.(18). Following the field definition in Eq.(6) we find consistently

gsfiLfjR = i gafiLfjR or gsij = igaij , (19)

to leading order and for all fermions except for i = j = t.

Flavon couplings to gauge bosons are not as easily generated, so we will not consider signatures
where they play a significant role. Depending on the model, they can arise through one-loop
triangle diagrams and are dominated by the b-loop unless the flavor group is an anomalous global
U(1). In that case there exist anomalous couplings to gluons and photons

L
anomaly

= gcdagg
a

f
eGµ⌫,cGd

µ⌫ + ga��
a

f
eFµ⌫Fµ⌫ , (20)

with
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�
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�
3Tr

⇥
aQQ2

Q

⇤
+ 3auQ

2

u + 3adQ
2

d +Tr
⇥
aLQ2

L

⇤
+ a`Q

2

` + a⌫ Q
2

⌫

�
, (21)

where sums over flavors are implied in the second line.

Flavon decays

Given the flavon couplings to fermions we can now compute the flavon branching ratios, which
will guide us to possible signatures at colliders. Obviously, flavon decays to a pair of fermions occur
at tree level, but unlike for example a Higgs boson the decays do not have to be flavor-diagonal.
The general form of the corresponding partial width is

�(a ! fif̄j)

ma
=

Nc

16⇡


(m2

a � (mi +mj)2)(m2

a � (mi �mj)2)

m4

a

�
1/2

(22)

"
�
|gaij |2 + |gaji|2

�
 
1�

m2

i +m2

j

m2

a

!
+ 2

�
gaijgaji + g⇤ijg

⇤
aji

� mimj

m2

a

#
.

In addition, we can compute the loop-induced partial widths to gluons or photons, just like for
the Higgs. The numerical result for our parameter choice ✏ = 0.23 is given in Fig. 1. As long as
ma < mt the main decay channels are similar to the Higgs case, with a ! bb̄ dominating over
a ! ⌧⌧ due to the larger Yukawa coupling and the color factor Nc. Above threshold the decays
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Figure 7. Flavon production cross sections in the di↵erent channels for the 8 TeV LHC, the 14 TeV LHC,
and a 100 TeV future hadron collider.

where we assume that the collinear bottoms in the final state do not give us an experimental handle
on the signal vs background. In addition, there exist associated production channels

bg ! ab or ug, cg ! at . (32)

Here we assume the additional b-quark to be hard and central, so it can be tagged. While the
bottom-associated channel is driven by a flavor-diagonal coupling gabb, the top-associated produc-
tion indicates a flavor-violating flavon-quark coupling. The di↵erent production cross sections for
the LHC and for a 100 TeV hadron collider are shown in Fig. 7. At the latter with an integrated
luminosity of 30 ab�1, we would expect to produce millions of flavons with ma > 500 GeV. In the
following we will study two kinds of collider signatures:

• first, we can search for traditional resonance decays, like a ! ⌧⌧ . In that case all production
processes in Eqs.(31) and (32) contribute;

• second, we can make specific use of top-associated production, where flavon decays into tq̄
and t̄q for q = u, c are equally likely.

In both cases the key question will be how we can control large Standard Model backgrounds,
which in general are easy to compute and measure at the LHC or a 100 TeV hadron collider.

Resonance searches

The direct way to look for a flavon as new dynamical degree of freedom is to search for reso-
nances. Following Fig. 1 the relevant channels to look at are pp ! a ! bb̄ or ⌧+⌧�. Note that
the generic decay of heavy resonances to tt̄ drops out since there is no flavor diagonal coupling
of the flavon to top quarks. A detection in the �� channel can also be discarded because of the
missing top contribution to the loop. To estimate the discovery potential of a future 100 TeV
hadron collider, we can scale up the

p
s = 8 TeV LHC limits using

(� ⇥ BR)100
limit

=

r
L
8

L
100

s
�100

BG

�8

BG

(� ⇥ BR)8
limit

. (33)

For most Standard Model backgrounds except for tt̄ production one expects a background increase
by a factor ⇠ 10 (cf. Fig. ??). In Tab. I we summarize some

p
s = 8 TeV limits and their ts: if we want, we

should be able to do

it better
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For most Standard Model backgrounds except for tt̄ production one expects a background increase
by a factor ⇠ 10 (cf. Fig. ??). In Tab. I we summarize some

p
s = 8 TeV limits and their ts: if we want, we

should be able to do

it better

b

b

b a
b

b

b a

11

a

c

g

t

t

c̄

 [GeV]am
0 100 200 300 400 500 600 700 800 900 1000

f 
[G

eV
] 

0

500

1000

1500

2000

2500

3000

5−10

4−10

3−10

2−10

1−10

1

10

210

Figure 6: Expected �(gc ! ta)⇥ BR(a ! tc̄)[pb] at
p
s = 100 TeV.

(Future) Collider Searches



12

0 200 400 600 800 1000
m

a

[GeV]

10�5

10�4

10�3

10�2

10�1

100

101

102

103
� [pb]

p
s = 100 TeV, f = 500 GeVgg ! a

gu ! ta

gb ! ba

gū ! t̄a

bb̄ ! a

gc ! ta

Figure 7. Flavon production cross sections in the di↵erent channels for the 8 TeV LHC, the 14 TeV LHC,
and a 100 TeV future hadron collider.

where we assume that the collinear bottoms in the final state do not give us an experimental handle
on the signal vs background. In addition, there exist associated production channels

bg ! ab or ug, cg ! at . (32)

Here we assume the additional b-quark to be hard and central, so it can be tagged. While the
bottom-associated channel is driven by a flavor-diagonal coupling gabb, the top-associated produc-
tion indicates a flavor-violating flavon-quark coupling. The di↵erent production cross sections for
the LHC and for a 100 TeV hadron collider are shown in Fig. 7. At the latter with an integrated
luminosity of 30 ab�1, we would expect to produce millions of flavons with ma > 500 GeV. In the
following we will study two kinds of collider signatures:

• first, we can search for traditional resonance decays, like a ! ⌧⌧ . In that case all production
processes in Eqs.(31) and (32) contribute;

• second, we can make specific use of top-associated production, where flavon decays into tq̄
and t̄q for q = u, c are equally likely.

In both cases the key question will be how we can control large Standard Model backgrounds,
which in general are easy to compute and measure at the LHC or a 100 TeV hadron collider.

Resonance searches

The direct way to look for a flavon as new dynamical degree of freedom is to search for reso-
nances. Following Fig. 1 the relevant channels to look at are pp ! a ! bb̄ or ⌧+⌧�. Note that
the generic decay of heavy resonances to tt̄ drops out since there is no flavor diagonal coupling
of the flavon to top quarks. A detection in the �� channel can also be discarded because of the
missing top contribution to the loop. To estimate the discovery potential of a future 100 TeV
hadron collider, we can scale up the

p
s = 8 TeV LHC limits using

(� ⇥ BR)100
limit

=

r
L
8

L
100

s
�100

BG

�8

BG

(� ⇥ BR)8
limit

. (33)

For most Standard Model backgrounds except for tt̄ production one expects a background increase
by a factor ⇠ 10 (cf. Fig. ??). In Tab. I we summarize some

p
s = 8 TeV limits and their ts: if we want, we

should be able to do

it better
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The probably most interesting signature is same-sign top production with an additional jet gc ! ttc̄.
As signature this process yields same-sign leptons(+) , two b-jets and one additional jet. The comparable
Standard Model process pp ! bbW+W+j has a leading order cross section of 5.7 · 10�7 pb and thus is
negligible for our purposes. Another source of backgrounds are processes that give rise to a similar signature.
We focus on the signature of two positive leptons corresponding to a ttc̄ signal. Therefore, we simulate tt̄Zj
and tt̄W+j and require

t ! b(W+ ! `+⌫),W+ ! `+⌫, Z ! `+`� , (36)

while we do not specify the W� decay mode. All leptons are required to be isolated (R = 0.2, I = 0.1). To
identify relevant events we apply the following cuts:

• 2 same-sign leptons(+) (2 hardest ones) with pT > 10 GeV, |⌘| < 2.5 R
iso

= 0.2, I
iso

= 0.1

• if there is a 3rd lepton of di↵erent sign, veto events with |m
`
(ss)
i `(ds)

�mZ | < 15 GeV

• jet clustering: anti-kT , R = 0.4, pT > 40 GeV, |⌘j | < 2.5

• require for hardest jet pT > 100 GeV

• b-tagging: partonlevel b within R < 0.3, assumed e�ciency 50 %

• require for the remaining jets Nb � 2

• /pT > 50 GeV

• minimize R`1bi +R`2bj to define (`b)
1

and (`b)
2

• minimize �y((`b)i, j) to define (`bj) and (`b)

• calculate mT2

• b-b̄ distinction [22]: assume ✏s = 0.2, ✏b = 0.06 and scale histograms accordingly ! factor 4

• (c-tagging [23]): utilize increased b-mistagging rate: ✏(c)b = 0.1, ✏(j)b = 0.01 ! naive factor 10 but cs in
background ! factor 2. But 90% signal loss.
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while we do not specify the W� decay mode. All leptons are required to be isolated (R = 0.2, I = 0.1). To
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• require for hardest jet pT > 100 GeV

• b-tagging: partonlevel b within R < 0.3, assumed e�ciency 50 %

• require for the remaining jets Nb � 2
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• calculate mT2

• b-b̄ distinction [22]: assume ✏s = 0.2, ✏b = 0.06 and scale histograms accordingly ! factor 4

• (c-tagging [23]): utilize increased b-mistagging rate: ✏(c)b = 0.1, ✏(j)b = 0.01 ! naive factor 10 but cs in
background ! factor 2. But 90% signal loss.
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The probably most interesting signature is same-sign top production with an additional jet gc ! ttc̄.
As signature this process yields same-sign leptons(+) , two b-jets and one additional jet. The comparable
Standard Model process pp ! bbW+W+j has a leading order cross section of 5.7 · 10�7 pb and thus is
negligible for our purposes. Another source of backgrounds are processes that give rise to a similar signature.
We focus on the signature of two positive leptons corresponding to a ttc̄ signal. Therefore, we simulate tt̄Zj
and tt̄W+j and require

t ! b(W+ ! `+⌫),W+ ! `+⌫, Z ! `+`� , (36)

while we do not specify the W� decay mode. All leptons are required to be isolated (R = 0.2, I = 0.1). To
identify relevant events we apply the following cuts:

• 2 same-sign leptons(+) (2 hardest ones) with pT > 10 GeV, |⌘| < 2.5 R
iso

= 0.2, I
iso

= 0.1

• if there is a 3rd lepton of di↵erent sign, veto events with |m
`
(ss)
i `(ds)

�mZ | < 15 GeV

• jet clustering: anti-kT , R = 0.4, pT > 40 GeV, |⌘j | < 2.5

• require for hardest jet pT > 100 GeV

• b-tagging: partonlevel b within R < 0.3, assumed e�ciency 50 %

• require for the remaining jets Nb � 2

• /pT > 50 GeV

• minimize R`1bi +R`2bj to define (`b)
1

and (`b)
2

• minimize �y((`b)i, j) to define (`bj) and (`b)

• calculate mT2

• b-b̄ distinction [22]: assume ✏s = 0.2, ✏b = 0.06 and scale histograms accordingly ! factor 4

• (c-tagging [23]): utilize increased b-mistagging rate: ✏(c)b = 0.1, ✏(j)b = 0.01 ! naive factor 10 but cs in
background ! factor 2. But 90% signal loss.
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The probably most interesting signature is same-sign top production with an additional jet gc ! ttc̄.
As signature this process yields same-sign leptons(+) , two b-jets and one additional jet. The comparable
Standard Model process pp ! bbW+W+j has a leading order cross section of 5.7 · 10�7 pb and thus is
negligible for our purposes. Another source of backgrounds are processes that give rise to a similar signature.
We focus on the signature of two positive leptons corresponding to a ttc̄ signal. Therefore, we simulate tt̄Zj
and tt̄W+j and require

t ! b(W+ ! `+⌫),W+ ! `+⌫, Z ! `+`� , (36)

while we do not specify the W� decay mode. All leptons are required to be isolated (R = 0.2, I = 0.1). To
identify relevant events we apply the following cuts:

• 2 same-sign leptons(+) (2 hardest ones) with pT > 10 GeV, |⌘| < 2.5 R
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• require for the remaining jets Nb � 2
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• minimize R`1bi +R`2bj to define (`b)
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and (`b)
2

• minimize �y((`b)i, j) to define (`bj) and (`b)

• calculate mT2

• b-b̄ distinction [22]: assume ✏s = 0.2, ✏b = 0.06 and scale histograms accordingly ! factor 4
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The probably most interesting signature is same-sign top production with an additional jet gc ! ttc̄.
As signature this process yields same-sign leptons(+) , two b-jets and one additional jet. The comparable
Standard Model process pp ! bbW+W+j has a leading order cross section of 5.7 · 10�7 pb and thus is
negligible for our purposes. Another source of backgrounds are processes that give rise to a similar signature.
We focus on the signature of two positive leptons corresponding to a ttc̄ signal. Therefore, we simulate tt̄Zj
and tt̄W+j and require

t ! b(W+ ! `+⌫),W+ ! `+⌫, Z ! `+`� , (36)

while we do not specify the W� decay mode. All leptons are required to be isolated (R = 0.2, I = 0.1). To
identify relevant events we apply the following cuts:

• 2 same-sign leptons(+) (2 hardest ones) with pT > 10 GeV, |⌘| < 2.5 R
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• A 100 TeV collider is our 
first semi-realistic shot at 
discovering a flavon

• Next generation lepton 
flavor experiments will cut 
deep into the parameter 
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In the following we fix the flavor charges of the quarks and Higgs bosons by imposing

constraints from quark masses and the CKM matrix. If the charges of the three generations

of quark doublets and singlets are ordered such that

a1 � a2 � a3 , at � ac � au , ab � as � ad , (2.10)

one can derive the O(") dependence for the quark masses and rotation matrices [1],

muj /
vup
2
"aj�auj�aHu , mdj /

vdp
2
"
aj�adj�aHd (2.11)

(Uq)ij / "|ai�aj | , (Wu)ij / "|aui�auj | , (Wd)ij / "
|adi�adj | ,

for i, j = 1, 2, 3. In the numerical analysis we will use the full unitary rotation matrices and

include a scanning of anarchic Yukawa couplings with with arbitrary phases and absolute

values |yu,dij | 2 [0.5, 1.5]. Six of the 11 flavor charges are fixed by the quark masses. We

choose

mt ⇡
vup
2
,

mb

mt
⇡ mc

mt
⇡ "1 ,

ms

mt
⇡ "2 ,

md

mt
⇡ mu

mt
⇡ "3 . (2.12)

Additional conditions follow from the CKM matrix,

VCKM = U †
u Ud , (2.13)

by fixing

(VCKM)12 ⇡ "0 , (VCKM)13 ⇡ (VCKM)23 ⇡ "1 . (2.14)

These conditions end up fixing only two parameters. Including the normalization of the

Higgs charges aHu + aHd
= 1 and our choice of aHu = 1, we have 10 conditions on 11 pa-

rameters. The remaining choice allows for an overall shift of quark flavor charges. Physical

quantities however only depend on invariant di↵erences. Thus the remaining choice does

not have any phenomenological consequences and for the analyses in the following sections

we set

aHu = 1 ,

aHd
= 0 ,

a1 = 2 ,

a2 = 2 ,

a3 = 1 ,

au = �2 ,

ac = 0 ,

at = 0 ,

ad = �1,

as = 0 ,

ab = 0 .

(2.15)

3 Higgs Couplings

The Yukawa interactions give rise to modifications to flavor diagonal Higgs couplings as

well as potentially dangerous flavor changing neutral currents. In the flavor eigenbasis the

interaction between quarks and the real neutral components of the Higgs doublet scalars

follows from (2.6) and we obtain

L0 =(Yu)ij
⇥
(1 + ai � auj � aH0

u
)ReH0

u + (ai � auj � aH0
u
) tan�ReH0

d

⇤
ūLiuRj (3.1)

+ (Yd)ij

h
(1 + ai � adj � aH0

d
)ReH0

d + (ai � adj � aH0
d
) cot�ReH0

u

i
d̄LidRj + h.c..
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1

A
mt = 172GeV

mb ⇡ mc ⇡ 2.9GeV

ms = 50MeV

mu = md ⇡ 1MeV

2 Flavor from the Electroweak Scale

We consider a two Higgs doublet model in which fermion masses are generated by a

Froggatt-Nielsen mechanism. We assume that the combination of the two scalar doublets

HuHd carries a non-zero flavor charge such that the flavon is replaced by

S

⇤
! HuHd

⇤2
⌘ HT

u (i�2)Hd

⇤2
. (2.1)

We assign opposite hypercharges to the two Higgs doublets and parametrize them as

Hu =
1p
2

 
vu +ReH0

u + i ImH0
up

2H�
u

!
, Hd =

1p
2

 p
2H+

d

vd +ReH0
d + i ImH0

d

!
. (2.2)

In this setup the electroweak scale sets the flavor breaking scale by

f

⇤
! hHuHdi

⇤2
=

vuvd
2⇤2

, (2.3)

where

v2 = v2u + v2d ,
vu
vd

= tan� , (2.4)

with v = 246 GeV and 0  �  ⇡/2, such that vu and vd are positive. We define the

expansion parameter

" =
vuvd
2⇤2

=
tan�

1 + tan�2

v2

2⇤2
. (2.5)

We choose " = mb/mt ⇡ 1/60, such that the Yukawa coupling for the bottom quarks

corresponds to an e↵ective operator with one insertion of the Higgs doublets (n = 1 in

terms of equation (1.1)). Therefore for tan� = 1, the new physics scale is approximately

⇤ ⇡ 4 v ⇡ 1 TeV. If the fundamental Yukawa couplings in the UV completion are slightly

larger than 1, this bound becomes weaker, and values of tan� > 1 are possible with a UV

scale of the order of a TeV. Therefore, an ultraviolet completion at the TeV scale and tan�

of O(1) are predictions of this model. We further discuss such a UV completion in Section 8.

We consider the quarks and scalars in our model to be charged under a global U(1)F
symmetry. Therefore in the flavor eigenbasis the Yukawa sector of the SM is replaced by

the e↵ective Lagrangian (to leading order in powers of ")

LYuk = yuij

✓
HuHd

⇤2

◆ai�auj�aHu

Q̄iHuuRj + ydij

✓
HuHd

⇤2

◆ai�adj�aHd

Q̄iHddRj + h.c. , (2.6)

in which auj = au, ac, at, and adj = ad, as, ab denote the flavor charges of the three gener-

ations of up- and down-type quark singlets, ai = a1, a2, a3 the flavor charges of the three

generations of quark doublets and aHu , aHd
the flavor charges of the Higgs doublets. The

leading order Yukawa couplings in equation (2.6) reduce to the Yukawa sector of a two
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11 Flavour charges, 8 + 2 conditions 

A rescaling freedom remains

by fixing

(VCKM)12 ⇡ "0 , (VCKM)13 ⇡ (VCKM)23 ⇡ "1 . (2.14)

These conditions end up fixing only two parameters. Including the normalization of the

Higgs charges aHu + aHd
= 1 and our choice of aHu = 1, we have 10 conditions on 11

parameters2. The remaining choice allows for an overall shift of quark flavor charges.

Physical quantities however only depend on invariant di↵erences. Thus the remaining

choice does not have any phenomenological consequences and we set

aHu = 1 ,

aHd
= 0 ,

a1 = 2 ,

a2 = 2 ,

a3 = 1 ,

au = �2 ,

ac = 0 ,

at = 0 ,

ad = �1,

as = 0 ,

ab = 0 .

(2.15)

If the last condition (2.14) is replaced by

(VCKM)12 ⇡ (VCKM)13 ⇡ (VCKM)23 ⇡ "0 , (2.16)

only the structure of the quark masses is explained by the flavor charges, while the hier-

archical form of the CKM matrix is determined by the fundamental Yukawas yuij , y
d
ij . In

this case, a suitable choice of flavor charges read

aHu = 1 ,

aHd
= 0 ,

a1 = 2 ,

a2 = 2 ,

a3 = 2 ,

au = �2 ,

ac = 0 ,

at = 1 ,

ad = �1,

as = 0 ,

ab = 1 .

(2.17)

This choice of charges is motivated by considerably weaker constraints from flavor observ-

ables due to the aligned charges for the left-handed quark fields.

A detailed implementation of lepton masses and mixing angles is beyond the scope of

this work. We will however define the couplings of the tau leptons to the scalars in our

model, since they are important for the Higgs phenomenology. We set

Ob
⌧ = y⌧

HuHd

⇤2
⌧̄LHd⌧R , (2.18)

such that m⌧/mt ⇡ ".

3 Higgs Couplings

The Yukawa interactions give rise to modifications to flavor diagonal Higgs couplings as

well as potentially dangerous flavor changing neutral currents. In the flavor eigenbasis the

interaction between quarks and the real neutral components of the Higgs doublet scalars

follows from (2.6) and we obtain

L0 =(Yu)ij
⇥
(1 + ai � auj � aH0

u
)ReH0

u + (ai � auj � aH0
u
) tan�ReH0

d

⇤
ūLiuRj (3.1)

+ (Yd)ij

h
(1 + ai � adj � aH0

d
)ReH0

d + (ai � adj � aH0
d
) cot�ReH0

u

i
d̄LidRj + h.c..

2Di↵erent choices for the normalization condition or the Higgs charges, e.g. aHd = 1, aHu = 0, do not

change the physics of this model but will only imply di↵erent assignments for the quark flavor charges.
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• Couplings are rescaled ghV V = V gSMhV V

V = sin(� � ↵)

• To the top:

ghff = f g
SM
hff

• To W±, Z fixed by gauge symmetry:

Higgs Production like 
in a 2HDM of type II 

t = II HDM
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We performed a global Higgs fit 
to 8 different channels at ATLAS 
& CMS

4 Higgs Production and Decay

A light SM-like Higgs has been discovered at the LHC in various decay channels. While

observations are mainly in the ballpark of SM expectations, there is still room for new

physics. The modified flavor diagonal fermion couplings of the light Higgs h introduced in

the previous section as well as modified gauge boson couplings lead to deviations in both

production cross section and decay rates. In the following we compute these deviations and

compare the results with the proton-proton collision data at
p
s = 7 and 8 TeV obtained

from the ATLAS [14] and CMS [15] experiments.

For a given Higgs boson production channel and decay rate into specific final states

X, normalized to the SM values, we define the signal strength parameter

µX =
�prod

�SM
prod

�h!X

�SM
h!X

�SM
h, tot

�h
. (4.1)

New physics can enter each of these three quantities: the production cross section �prod,

the partial decay rate �h!X and the total width �h,tot. We quantify the changes in flavor

diagonal couplings of the Higgs to fermions f = t, b, ⌧ and to vector bosons V = W±, Z

with respect to the SM by

ghff = f g
SM
hff = f

mf

v
,

ghV V = V gSMhV V = V
2m2

V

v
, (4.2)

such that f = V = 1 in the SM limit.

It follows from equation (3.5), that the coupling of the light Higgs to the top quark is

rescaled by

t =
c↵
s�

=
c��↵

t�
+ s��↵ . (4.3)

As a result, these couplings are modified in the same way as in two Higgs doublet models of

type II, see for example [5, 13, 16]. However, couplings to the other flavors significantly dif-

fer from the couplings in generic two Higgs doublet models because of the Higgs dependent

e↵ective Yukawas, such that the Higgs-bottom coupling is rescaled by

b = �2
s↵
c�

+
c↵
s�

= 3s��↵ + c��↵

✓
1

t�
� 2t�

◆
. (4.4)

Note, that for f(↵,�) = 0, any dependence on c��↵ and t� cancels in (4.3) and (4.4) and

we find that t = 1 and b = �1 and therefore the light Higgs has couplings to fermions

of SM strength. We illustrate the parameter dependence of the square of these couplings

in Figure 2. In the right panel of Figure 2 the value of 2b goes through zero signalizing b
changes sign and becomes negative in the upper right (lower left) corner for cos(��↵) > 0

(cos(� � ↵) < 0). The structure of these couplings has significant impact on the Higgs

boson production cross sections and decay rates. Further, the coupling of the light Higgs
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Decay Mode Production Channels Production Channels Experiment

�gg!h, �tt̄!h �V BF , �V H

h ! WW ⇤ µW = 1.02+0.29
�0.26 [17] µW = 1.27+0.53

�0.45 [17] ATLAS

µW ' 0.75± 0.35 [18] µW ' 0.7± 0.85 [18] CMS

h ! ZZ⇤ µZ = 1.7+0.5
�0.4 [19] µZ = 0.3+1.6

�0.9 [19] ATLAS

µZ = 0.8+0.46
�0.36 [20] µZ = 1.7+2.2

�2.1 [20] CMS

h ! �� µ� = 1.32± 0.38 [21] µ� = 0.8± 0.7 [21] ATLAS

µ� = 1.13+0.37
�0.31 [22] µ� = 1.16+0.63

�0.58 [22] CMS

h ! b̄b µb = 1.5± 1.1 [23] µb = 0.52± 0.32± 0.24 [24] ATLAS

µb = 0.67+1.35
�1.33 [25] µb = 1.0± 0.5 [26] CMS

h ! ⌧⌧ µ⌧ = 2.0± 0.8+1.2
�0.8 ± 0.3 [27] µ⌧ = 1.24+0.49 +0.31

�0.45 �0.29 ± 0.08 [27] ATLAS

µ⌧ ' 0.5+0.8
�0.7 [28] µ⌧ ' 1.1+0.7

�0.5 [28] CMS

Table 1: Input data for the global �2-fit of Higgs production and decay with references.

The data includes all updated results of the pp collision data at
p
s = 7 and 8 TeV obtained

from the ATLAS [14] and CMS [15] experiments.

where ⇠b = �0.032+0.035 i depends on the loop functions given in [4]. Therefore for values

of b of O(1), the main Higgs production channel is to leading order indistinguishable from

a type II two Higgs doublet model. Vector Boson Fusion (VBF) and Higgsstrahlung (VH)

are both rescaled by V , while associated Higgs boson production with a top pair is modified

by t,

�tt̄!h

�SM
tt̄!h

= 2t and
�VBF

�SM
VBF

=
�VH

�SM
VH

= 2V . (4.9)

Therefore the three production processes rescale with the same factors as in generic two

Higgs doublet models, as given e.g. in [5, 13, 16].

The partial decay widths of the light Higgs into SM fermions f and gauge bosons

V = W±, Z can similarly be written as

�h!ff

�SM
h!ff

= 2f , and
�h!V V

�SM
h!V V

= 2V . (4.10)

Both top quark and W± boson loops enter the diphoton decay width [29],

�h!��

�SM
h!��

=
��0.28t � 1.28W + �

��2 , (4.11)

in which contributions from light fermions are neglected and contributions from charged

scalar loops are encoded in �. We find for MH± & 300 GeV a contribution of less than

� . 0.04 and set it to zero in the following [9, 29].
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Figure 3: Allowed 1� (dark red) and 2� (light red) regions, for a global fit to ATLAS

and CMS data from measurements of Higgs boson decays in the left and right panel,

respectively. The channels entering the fit are summarized in Table 1 and errors are

symmetrized.

Expressed in terms of the rescaling factors t, b, c, ⌧ and V , the total Higgs boson

width is given by [30, 31]

�h

�SM
h

⇡ 0.572b + 0.252V + 0.092t + 0.062⌧ + 0.0262c + 0.004 , (4.12)

where �SM
h = 4.07 MeV [32] and we assume h ! Z� and even rarer modes to be SM-like.

These contributions are collected in the constant term 0.004.

The partial decay width into bottom quarks has a very di↵erent dependence on tan�

and cos(� � ↵) than in the generic type II two Higgs doublet model. This plays a relevant

role in defining the allowed region in parameter space, since the bottom quark partial decay

width dominates the total decay width, that in turn importantly a↵ects the signal strength

for all channels.

In Figure 3 we show the result of a global �2 fit based on the data collected in Table

1. Symmetrized errors are used for the fit. The left panel shows the plot for ATLAS and

the right panel the plot for CMS. The two fit parameters are c��↵ and t� . The 1� and

2� regions consistent with the LHC data are shaded in dark and light red, respectively.

It is clear, that the preferred parameter space is di↵erent from generic two Higgs doublet

models, for which regions close to the alignment or decoupling limit c��↵ = 0 are favor-

able. [5, 11, 33]. In our case, c��↵ = 0 corresponds to the Babu-Nandi-Giudice-Lebedev

model [2, 3], which is clearly disfavored by the data. We observe, that while the allowed

region for ATLAS is slightly smaller than in the case of CMS, both fits show a preference
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⇡ 0.572b + 0.252V + 0.092t + 0.062⌧ + 0.0262c + 0.004 , (4.12)

where �SM
h = 4.07 MeV [32] and we assume h ! Z� and even rarer modes to be SM-like.

These contributions are collected in the constant term 0.004.

The partial decay width into bottom quarks has a very di↵erent dependence on tan�

and cos(� � ↵) than in the generic type II two Higgs doublet model. This plays a relevant
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for all channels.
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1. Symmetrized errors are used for the fit. The left panel shows the plot for ATLAS and

the right panel the plot for CMS. The two fit parameters are c��↵ and t� . The 1� and

2� regions consistent with the LHC data are shaded in dark and light red, respectively.
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Figure 7: The left panel shows the region in the c��↵ � t� plane for which the tree-

level contributions to |C̃sd
2 |  10�16/GeV2 (orange) and the tree-level contributions to

|Csd
4 |  7⇥ 10�17/GeV2 (blue). In the right panel we show regions of parameter space in

which our sample points reproduce C"K within two standard deviations. The color coding

indicates the percentage of points in agreement with the experimental constraint. In both

plots, the scalar masses are MA = MH = MH+ = 500 GeV.

set of points of fundamental Yukawa couplings, defined in (2.6), with |yu,dij | 2 [0.5, 1.5] and

with arbitrary phases. We require the SM quark masses and Wolfenstein parameters to

be reproduced within two standard deviations. More details to the procedure and input

parameters can be found in Appendices C and D. At this stage, the mixing angles ↵ and

� from the Higgs sector still remain free parameters and our sample set only fixes the

fundamental Yukawas.

In the right panel of Figure 7 we show the percentage of sample points which reproduce

Cexp
✏K within 2� in the cos(� � ↵)� tan� plane. We employ the value extracted from a fit

to the CKM triangle by the UTfit group [41],

Cexp
✏K

= 1.05+0.36
�0.28 @95%CL . (5.8)

The result shows good agreement with the estimate of the separate contributions shown in

the left panel of Figure 7. The area for which t� < 0.5 is cut o↵, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd � B̄d and Bs � B̄s mixing, the e↵ective Lagrangian, as well as the

tree-level contributions to the Wilson coe�cients from scalar and pseudoscalar exchange

can be read o↵ from (5.1) and (5.2) with the replacements s $ b and d $ d, s, respectively.

The angle dependence of the Wilson coe�cients is universal and therefore only the flavor
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the left panel of Figure 7. The area for which t� < 0.5 is cut o↵, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd � B̄d and Bs � B̄s mixing, the e↵ective Lagrangian, as well as the

tree-level contributions to the Wilson coe�cients from scalar and pseudoscalar exchange

can be read o↵ from (5.1) and (5.2) with the replacements s $ b and d $ d, s, respectively.

The angle dependence of the Wilson coe�cients is universal and therefore only the flavor
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Figure 7. The left panel shows the region in the cβ−α − tβ plane for which the tree-level contribu-
tions to |C̃sd

2 | ≤ 10−16/GeV2 (orange) and the tree-level contributions to |Csd
4 | ≤ 7× 10−17/GeV2

(blue). In the right panel we show regions of parameter space in which our sample points
reproduce CεK within two standard deviations. The color coding indicates the percentage of
points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

The result shows good agreement with the estimate of the separate contributions shown in

the left panel of figure 7. The area for which tβ < 0.5 is cut off, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd − B̄d and Bs − B̄s mixing, the effective Lagrangian, as well as the

tree-level contributions to the Wilson coefficients from scalar and pseudoscalar exchange

can be read off from (5.1) and (5.2) with the replacements s ↔ b and d ↔ d, s, respec-

tively. The angle dependence of the Wilson coefficients is universal and therefore only the

flavor dependent part changes from (5.3) and (5.4), such that the parametric dependence

presented in the left panel of figure 7 also holds in the B sector. For the Wilson coefficients

it follows from table 2,

Cbd
4 ≈ Cbd

2 ≈ C̃bd
2 ≈ Cbs

2 ∝
m2

b

v2
ε2

m2
h

≈ 2.5× 10−12

GeV2 , (5.9)

C̃bs
2 ∝

m2
b

v2
ε4

m2
h

≈ 7× 10−16

GeV2 , Cbs
4 ∝

m2
b

v2
ε3

m2
h

≈ 4× 10−14

GeV2 . (5.10)

The corresponding bounds in table 3 imply, that Cbs
2 is at the border of the naive bound,

while a much larger contribution to Cbs
4 is allowed. The contributions to Cbd

4 , Cbd
2 and C̃bd

2

are too large almost in the entire cos(β − α) − tanβ plane, and therefore demand cancel-

lations implying important restrictions for the permitted region of our parameter space.
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Figure 7. The left panel shows the region in the cβ−α − tβ plane for which the tree-level contribu-
tions to |C̃sd

2 | ≤ 10−16/GeV2 (orange) and the tree-level contributions to |Csd
4 | ≤ 7× 10−17/GeV2

(blue). In the right panel we show regions of parameter space in which our sample points
reproduce CεK within two standard deviations. The color coding indicates the percentage of
points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

The result shows good agreement with the estimate of the separate contributions shown in

the left panel of figure 7. The area for which tβ < 0.5 is cut off, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd − B̄d and Bs − B̄s mixing, the effective Lagrangian, as well as the

tree-level contributions to the Wilson coefficients from scalar and pseudoscalar exchange

can be read off from (5.1) and (5.2) with the replacements s ↔ b and d ↔ d, s, respec-

tively. The angle dependence of the Wilson coefficients is universal and therefore only the

flavor dependent part changes from (5.3) and (5.4), such that the parametric dependence

presented in the left panel of figure 7 also holds in the B sector. For the Wilson coefficients

it follows from table 2,
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The corresponding bounds in table 3 imply, that Cbs
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while a much larger contribution to Cbs
4 is allowed. The contributions to Cbd
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are too large almost in the entire cos(β − α) − tanβ plane, and therefore demand cancel-

lations implying important restrictions for the permitted region of our parameter space.
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Figure 7. The left panel shows the region in the cβ−α − tβ plane for which the tree-level contribu-
tions to |C̃sd

2 | ≤ 10−16/GeV2 (orange) and the tree-level contributions to |Csd
4 | ≤ 7× 10−17/GeV2

(blue). In the right panel we show regions of parameter space in which our sample points
reproduce CεK within two standard deviations. The color coding indicates the percentage of
points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

The result shows good agreement with the estimate of the separate contributions shown in

the left panel of figure 7. The area for which tβ < 0.5 is cut off, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd − B̄d and Bs − B̄s mixing, the effective Lagrangian, as well as the

tree-level contributions to the Wilson coefficients from scalar and pseudoscalar exchange

can be read off from (5.1) and (5.2) with the replacements s ↔ b and d ↔ d, s, respec-

tively. The angle dependence of the Wilson coefficients is universal and therefore only the

flavor dependent part changes from (5.3) and (5.4), such that the parametric dependence

presented in the left panel of figure 7 also holds in the B sector. For the Wilson coefficients

it follows from table 2,
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The corresponding bounds in table 3 imply, that Cbs
2 is at the border of the naive bound,

while a much larger contribution to Cbs
4 is allowed. The contributions to Cbd

4 , Cbd
2 and C̃bd

2

are too large almost in the entire cos(β − α) − tanβ plane, and therefore demand cancel-

lations implying important restrictions for the permitted region of our parameter space.
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Figure 7. The left panel shows the region in the cβ−α − tβ plane for which the tree-level contribu-
tions to |C̃sd

2 | ≤ 10−16/GeV2 (orange) and the tree-level contributions to |Csd
4 | ≤ 7× 10−17/GeV2

(blue). In the right panel we show regions of parameter space in which our sample points
reproduce CεK within two standard deviations. The color coding indicates the percentage of
points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

The result shows good agreement with the estimate of the separate contributions shown in

the left panel of figure 7. The area for which tβ < 0.5 is cut off, because of the one-loop

contributions from charged Higgs exchange [42]. We find a large region of parameter space

for which our model prediction is in agreement with the experimental bound without any

tuning of parameters.

In the case of Bd − B̄d and Bs − B̄s mixing, the effective Lagrangian, as well as the

tree-level contributions to the Wilson coefficients from scalar and pseudoscalar exchange

can be read off from (5.1) and (5.2) with the replacements s ↔ b and d ↔ d, s, respec-

tively. The angle dependence of the Wilson coefficients is universal and therefore only the

flavor dependent part changes from (5.3) and (5.4), such that the parametric dependence

presented in the left panel of figure 7 also holds in the B sector. For the Wilson coefficients

it follows from table 2,

Cbd
4 ≈ Cbd

2 ≈ C̃bd
2 ≈ Cbs

2 ∝
m2

b
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h

≈ 2.5× 10−12

GeV2 , (5.9)
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The corresponding bounds in table 3 imply, that Cbs
2 is at the border of the naive bound,

while a much larger contribution to Cbs
4 is allowed. The contributions to Cbd

4 , Cbd
2 and C̃bd

2

are too large almost in the entire cos(β − α) − tanβ plane, and therefore demand cancel-

lations implying important restrictions for the permitted region of our parameter space.
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Figure 8. In the left (right) panel we show regions of parameter space in which our sample points
reproduce CBs(CBd) within two standard deviations. The color coding indicates the percentage
of points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

At the one-loop level, box diagrams generate the contributions

Cbq
1,box ∝ 1

16π2

1

t2β

(
m2

t

v2
V ∗
tbVtq

)2
1

M2
H+

≈
(
500GeV

MH+

)2
⎧
⎨

⎩
5× 10−13GeV−2 , q = d ,

1× 10−11GeV−2 , q = s ,

(5.11)

for tan β = 1. In the Bs − B̄s system for low tan β, this contribution becomes larger than

all tree-level contributions. Since the box is only sensitive to charged Higgs couplings, we

expect comparable constraints as in a two Higgs doublet model of type II. In addition, since

the contribution is independent of cos(β−α), we expect a universal lower bound on tan β,

as observed in the left panel of figure 8. For both the Bd,s − B̄d,s system we also include

the box diagram contributions to the other Wilson coefficients, which are suppressed by

mb/mW . The corresponding expressions are collected in appendix B.

Analogous to (5.7), we define

CBqe
2iφBq =

⟨B0
q |H∆B=2

full |B̄0
q ⟩

⟨B0
q |H∆B=2

SM |B̄0
q ⟩

, (5.12)

such that CBq = ∆mq/∆mSM
q measures new physics effects in the mass difference and new

phases enter φBq . In the left (right) panel of figure 8, we present the percentage of sample

points in agreement with the experimental constraints at 95% CL for Cexp
Bs

(Cexp
Bd

), based

on the results obtained from the UTfit group [41],

Cexp
Bs

= 1.052+0.178
−0.152 @95%CL , Cexp

Bd
= 1.07+0.36

−0.31 @95%CL . (5.13)

In both plots we choose MH = MA = MH+ = 500GeV. As expected from our estimate

above, in the Bs − B̄s system, we find good agreement with the experimental bounds for a
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Figure 8. In the left (right) panel we show regions of parameter space in which our sample points
reproduce CBs(CBd) within two standard deviations. The color coding indicates the percentage
of points in agreement with the experimental constraint. In both plots, the scalar masses are
MA = MH = MH+ = 500GeV.

At the one-loop level, box diagrams generate the contributions
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1× 10−11GeV−2 , q = s ,

(5.11)

for tan β = 1. In the Bs − B̄s system for low tan β, this contribution becomes larger than

all tree-level contributions. Since the box is only sensitive to charged Higgs couplings, we

expect comparable constraints as in a two Higgs doublet model of type II. In addition, since

the contribution is independent of cos(β−α), we expect a universal lower bound on tan β,

as observed in the left panel of figure 8. For both the Bd,s − B̄d,s system we also include

the box diagram contributions to the other Wilson coefficients, which are suppressed by

mb/mW . The corresponding expressions are collected in appendix B.

Analogous to (5.7), we define
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such that CBq = ∆mq/∆mSM
q measures new physics effects in the mass difference and new

phases enter φBq . In the left (right) panel of figure 8, we present the percentage of sample

points in agreement with the experimental constraints at 95% CL for Cexp
Bs
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), based

on the results obtained from the UTfit group [41],
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= 1.052+0.178
−0.152 @95%CL , Cexp
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= 1.07+0.36

−0.31 @95%CL . (5.13)

In both plots we choose MH = MA = MH+ = 500GeV. As expected from our estimate

above, in the Bs − B̄s system, we find good agreement with the experimental bounds for a
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Figure 9: Boundaries of the regions in which 10% of our parameter points agree with

the CBd
at the 95% CL in the positive c��↵ plane. The di↵erent colors correspond to

M ⌘ MA = MH = MH+ = 400 GeV (blue) M = 500 GeV (purple), M = 600 GeV

(green), and M = 700 GeV (light brown).

as observed in the left panel of Figure 8. For both the Bd,s � B̄d,s system we also include

the box diagram contributions to the other Wilson coe�cients, which are suppressed by

mb/mW . The corresponding expressions are collected in Appendix B.

Analogous to (5.7), we define

CBqe
2i�Bq =

hB0
q |H�B=2

full |B̄0
q i

hB0
q |H�B=2

SM |B̄0
q i

, (5.12)

such that CBq = �mq/�mSM
q measures new physics e↵ects in the mass di↵erence and new

phases enter �Bq . In the left (right) panel of Figure 8, we present the percentage of sample

points in agreement with the experimental constraints at 95% CL for Cexp
Bs

(Cexp
Bd

), based

on the results obtained from the UTfit group [41],

Cexp
Bs

= 1.052+0.178
�0.152 @95%CL , Cexp

Bd
= 1.07+0.36

�0.31 @95%CL . (5.13)

In both plots we choose MH = MA = MH+ = 500 GeV. As expected from our estimate

above, in the Bs � B̄s system, we find good agreement with the experimental bounds for a

large region of parameter space. For the Bd � B̄d system, we find only a small fraction of

the parameter space in agreement with the experimental constraints. Since the new physics

e↵ects in all Wilson coe�cients are too large, accidental cancellations in the fundamental

Yukawa couplings are in e↵ect in order to achieve agreement with data. As a consequence,

slightly tuned Yukawa couplings as well as rather heavy extra scalars MA ⇡ MH ⇡ 500

GeV are necessary in order to agree with the bounds from Bd � B̄d mixing. In the follow-

ing, we will adopt the 10% contour as the fine-tuning bound from flavor observables on the
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b ! s�

tions from the neutral Higgs by a factor of

mt Vtb V
⇤
ts

mb f(↵,�) "
⇡ O(102 � 103) , (5.16)

for f(↵,�) = 0.1 � 1. We will therefore adopt the bounds from Br(Bs ! Xs�) on the

charged scalar mass in two Higgs doublet models for tan� & 2, considering values within

a 3� band in order to account for uncertainties of higher order corrections not included in

the theoretical computation [44, 45],

MH± & 358 (480)GeV @99%(95%) CL . (5.17)

5.2 Flavor Violating Top Decays

We consider the flavor violating decays of the top quark t ! hc and t ! hu. In contrast

to the SM, in which flavor violating top quark decays are loop suppressed, in our model

the top quark has tree-level couplings to the light Higgs and other up-type flavors. The

corresponding branching ratios Br(t ! h c) ⇡ 3 ⇥ 10�15 and Br(t ! hu) ⇡ 2 ⇥ 10�17 are

tiny in the SM [46]. In our model the branching fraction of the top decaying to higgs and

charm is given by [47]

Br(t ! h c) =
2(m2

t �m2
h)

2m2
W

g2(m2
t �m2

W )2 (m2
t + 2m2

W )2

✓
|ghct|2 + |ghtc|2 +

4mtmc

m2
t �m2

h

Re [ghct ghtc]

◆
,

(5.18)

and similarly for Br(t ! hu) by replacing the appropriate flavor indices. Both branching

ratios are parametrically of the same order, because the flavor o↵-diagonal couplings in

equation (3.5) yield ghct ⇡ ghut / mt". In Figure 10 we show Br(t ! h c) plotted against

Figure 10: The plot shows Br(t ! hc) vs. cos(� � ↵) for tan� = 3(4) in blue (green) as

well as the current exclusion limits for the 8 TeV LHC (solid red) and projected limits at

the high luminosity LHC (dashed red), respectively.
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• Contributions to rare leptonic decays depend on the 
lepton flavor sector 

• Bounds from Loop induced processes like              put 
constraints on the mass of the charged scalar

[Misiak et al. 1503.01789]

Flavor structure: (3.9) Flavor structure: (3.13)

Cij
2 C̃ij

2 Cij
4 Cij

2 C̃ij
2 Cij

4

sd "4m2
s "2m2

s "3m2
s "2m2

d "2m2
s "2mdms

bd "2m2
b "2m2

b "2m2
b "4m2

d "4m2
b "4mdmb

bs "2m2
b "4m2

b "3m2
b "2m2

s "2m2
b "2msmb

uc "4m2
c "4m2

c "4m2
c "4m2

c "4m2
u "4mumc

Table 3: Relative size of leading order contributions to the Wilson coe�cients for meson

mixing in the case of the flavor charge assignments (3.9) (left) and (2.15) (right).

boxes as well es tree-level flavor changing neutral currents of heavy Higgs fields contribute

[52].

The hierarchy of e↵ects in our model with K ⇠ Bs < Bd is completely fixed by the

assignment of the flavor charges but will be di↵erent if one gives up the full explanation

of quark mixing angles and masses by flavor charges. As mentioned in Section 3, if we do

not explain the structure in the CKM matrix, we would find the flavor structures (3.13).

Tree-level contributions to the Wilson coe�cients Cij
2 and Cij

4 for ij = sd, bd, bs would be

suppressed by light quark masses, while C̃bd
2 would be suppressed by "4 and C̃sd

2 , C̃bs
2 by

"2. In the up-sector, C̃uc
2 and Cuc

4 are suppressed by the up quark mass and Cuc
2 would be

suppressed by "2. A comparison of the scaling of the di↵erent Wilson coe�cients for the

di↵erent charge assignments is given in Table 3.

Rare Kaon and B0
d,s decays can in principle be subject to large corrections, but depend

crucially on the implementation of the lepton sector, which we will discuss in a forthcoming

publication [54]. Processes in which the neutral scalars only enter at loop-level, such as

Br(Bs ! Xs�) are generically dominated by the charged Higgs contributions, which are

larger than the contributions from the neutral Higgs by a factor of

mt Vtb V
⇤
ts

mb f(↵,�) "
⇡ O(102 � 103) , (5.26)

for f(↵,�) = 0.1 � 1. We will therefore adopt the bounds from Br(Bs ! Xs�) on the

charged scalar mass in two Higgs doublet models of MH± & 400 GeV for tan� & 1.5 [55].3

5.2 Flavor Violating Top Decays

We consider the flavor violating decays of the top quark t ! hc and t ! hu. In contrast to

the SM, in which flavor violating top quark decays are loop suppressed, in our model the top

quark has tree-level couplings to the light Higgs and other up-type flavors. As a consequence

the corresponding branching ratios Br(t ! h c) ⇡ 3 ⇥ 10�15 and Br(t ! hu) ⇡ 2 ⇥ 10�17

are tiny in the SM [56]. In our model the branching fraction depending on the flavor

3
For tan� = 1 and updated input values the bound can reach up to MH± & 500 GeV. We thank Mikolaj

Misiak for sharing this result with us.
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• The global Higgs fit (and Flavor bounds) demand sizable 
•  Flavor bounds demand heavy extra scalars   

cos(� � ↵)

Figure 11: The upper left panel shows regions of parameter space in which the various

constraints described in the text are fulfilled for scalar masses M ⌘ MH = MA = MH+ =

500 GeV (light green), M = 600 GeV (green) and M = 700 GeV (dark green). The upper

right panel shows the same plot for MH+ = 360 � 700 GeV and MA = MH = 600 GeV

(MA = 600 GeV, MH = 550� 650 GeV) in purple (blue). The 2� contours of the ATLAS

fit to Higgs measurements is shown in dashed black. The lower panels show the parameter

space in the cos(� � ↵) �MH+ plane in agreement with all bounds discussed in the text,

including the 2� global fit to ATLAS data. In the lower left (right) panel we assume

MA = MH = 600 GeV (MH = MA ± (10� 20) GeV), with values of tan� indicated by the

color coding bar on the right.

reproduced within 2� in the cos(��↵)�MH+ plane for MA = MH = 600 GeV. The value

of tan� is indicated by the color coding. The tiny gap at cos(��↵) ⇡ 0.3 is also visible in

the upper left plot. For tan� . 4 only degenerate masses MA = MH = MH+ or a sizable

mass splitting of MA �MH+ & 100 GeV are allowed. We show the same plot in the lower
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Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [66]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
sults (right), for H ! WW channels (top right panel) and H ! ZZ channels (bottom right
panel) separately.

rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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Figure 18: Contours of �(pp ! H + X) ⇥ Br(H ! V V )/(�(pp ! H + X) ⇥ Br(H !
V V ))SM (right panel) and �(pp ! qqH)⇥Br(H ! V V )/(�(pp ! qqH)⇥Br(H ! V V ))SM
(left panel). The heavy scalar masses are set to M = 600 GeV.

the CP even Higgs, the model predictions seem to be much below the present experimental

sensitivity.

The most important search channel for the heavy CP even neutral Higgs boson H

is the inclusive production with subsequent decay of H ! V V with V = W,Z. In our

specific model, in particular, there is an interesting region of parameter space in which

the vector boson fusion production is competitive with the gluon fusion production due

to the behavior of Ht . Normalized to the corresponding SM Higgs production and decay

processes for a SM Higgs of mass MH , we have for gluon fusion and vector boson fusion

production processes, respectively,

�(gg ! H)⇥ Br(H ! V V )

(�(gg ! H)⇥ Br(H ! V V ))SM
= (Ht )2

✓
1 + ⇠Hb

Hb
Ht

◆2 �
HV

�2 �SM
H

�H
, (7.10)

�(pp ! qqH)⇥ Br(H ! V V )

(�(pp ! qqH)⇥ Br(H ! V V ))SM
=

�
HV

�4 �SM
H

�H
, (7.11)

where ⇠Hb denotes the correction from a bottom quark in gluon fusion with respect to the

leading top contribution. We take the SM total width �SM
H for a heavy Higgs of mass MH

from the LHC Higgs Cross Section Working Group [62, 63, 67].

In Figure 18 we present theoretical predictions for contours of inclusive heavy neutral

CP even Higgs production (left panel) and vector boson fusion production (right panel) with

subsequent decay into H ! V V , using (7.10) and (7.11), for M = MA = MH = MH+ =

600 GeV. The vector boson fusion is governed by HV and becomes strongly suppressed for

small cos(��↵). The gluon fusion production mode in (7.10) is suppressed for small values

of Ht or for small HV and this e↵ect shows in the inclusive production mode above. We
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the CP even Higgs, the model predictions seem to be much below the present experimental

sensitivity.

The most important search channel for the heavy CP even neutral Higgs boson H

is the inclusive production with subsequent decay of H ! V V with V = W,Z. In our

specific model, in particular, there is an interesting region of parameter space in which

the vector boson fusion production is competitive with the gluon fusion production due

to the behavior of Ht . Normalized to the corresponding SM Higgs production and decay

processes for a SM Higgs of mass MH , we have for gluon fusion and vector boson fusion

production processes, respectively,
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where ⇠Hb denotes the correction from a bottom quark in gluon fusion with respect to the

leading top contribution. We take the SM total width �SM
H for a heavy Higgs of mass MH

from the LHC Higgs Cross Section Working Group [62, 63, 67].

In Figure 18 we present theoretical predictions for contours of inclusive heavy neutral

CP even Higgs production (left panel) and vector boson fusion production (right panel) with

subsequent decay into H ! V V , using (7.10) and (7.11), for M = MA = MH = MH+ =

600 GeV. The vector boson fusion is governed by HV and becomes strongly suppressed for

small cos(��↵). The gluon fusion production mode in (7.10) is suppressed for small values

of Ht or for small HV and this e↵ect shows in the inclusive production mode above. We
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Figure 7: Upper limits at the 95% CL for each of the contributing final states and their combi-
nation. The theoretical cross section, sSM, is computed in Ref. [66]. The observed and expected
limits of the six individual channels are compared with each other and with the combined re-
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panel) separately.

rations. At the top of Fig. 9 are the limits we obtain when we combine the ZZ (top left) and
WW (top right) channels separately. Since the ZZ channels are more sensitive in the search for
a Higgs boson with SM-like couplings, they better constrain the BSM case as well. The bottom
of Fig. 9 shows the combined 95% CL for all final states but only the ggF or VBF production
mechanism for the heavy Higgs boson. In the heavy Higgs boson with SM-like couplings sce-
nario, we assume the ratio of the cross sections for various production mechanisms to be the
same as in the SM case.
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Figure 18: Contours of �(pp ! H + X) ⇥ Br(H ! V V )/(�(pp ! H + X) ⇥ Br(H !
V V ))SM (right panel) and �(pp ! qqH)⇥Br(H ! V V )/(�(pp ! qqH)⇥Br(H ! V V ))SM
(left panel). The heavy scalar masses are set to M = 600 GeV.

the CP even Higgs, the model predictions seem to be much below the present experimental

sensitivity.

The most important search channel for the heavy CP even neutral Higgs boson H

is the inclusive production with subsequent decay of H ! V V with V = W,Z. In our

specific model, in particular, there is an interesting region of parameter space in which

the vector boson fusion production is competitive with the gluon fusion production due

to the behavior of Ht . Normalized to the corresponding SM Higgs production and decay

processes for a SM Higgs of mass MH , we have for gluon fusion and vector boson fusion

production processes, respectively,

�(gg ! H)⇥ Br(H ! V V )

(�(gg ! H)⇥ Br(H ! V V ))SM
= (Ht )2

✓
1 + ⇠Hb

Hb
Ht

◆2 �
HV

�2 �SM
H

�H
, (7.10)

�(pp ! qqH)⇥ Br(H ! V V )
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where ⇠Hb denotes the correction from a bottom quark in gluon fusion with respect to the

leading top contribution. We take the SM total width �SM
H for a heavy Higgs of mass MH

from the LHC Higgs Cross Section Working Group [62, 63, 67].

In Figure 18 we present theoretical predictions for contours of inclusive heavy neutral

CP even Higgs production (left panel) and vector boson fusion production (right panel) with

subsequent decay into H ! V V , using (7.10) and (7.11), for M = MA = MH = MH+ =

600 GeV. The vector boson fusion is governed by HV and becomes strongly suppressed for

small cos(��↵). The gluon fusion production mode in (7.10) is suppressed for small values

of Ht or for small HV and this e↵ect shows in the inclusive production mode above. We
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Figure 19: Exclusion bounds for �(pp ! H + X) ⇥ Br(H ! V V )/(�(pp ! H + X) ⇥
Br(H ! V V ))SM of CMS [68] for M = 500 GeV (dotted) and M = 600 GeV (dashed).

observe that for small Ht , both production cross sections become competitive. The theory

prediction for these two observables di↵ers from a two Higgs doublet model of type II only

by the di↵erent scaling of the width �H and the contribution of the bottom quark to gluon

fusion, which is small for tan� ⇠ O(1).

The CMS collaboration has reported updated results from an inclusive search for a

heavy Higgs decaying into W+W� and ZZ in the range of MH = 145 � 1000 GeV [68].

They consider both fully leptonic and semileptonic final states. In Figure 19 we illustrate

those bounds for M = MA = MH = MH+ with M = 500 GeV (dotted) and M = 600 GeV

(solid). We observe that this search mode is competitive with the bounds obtained from

the A ! hZ channel. We note that for the neutral CP even Higgs analysis no finite width

e↵ects have been taken into account, although we expect sizable finite width e↵ects in a

large region of parameter space, compare the left panel of Figure 13 .

The CMS collaboration also performed an analysis for a heavy neutral Higgs boson

decaying into W+W� in vector boson fusion production channel in the mass range MH =

110 � 600 GeV [69]. The observed signal significance is close to the SM prediction for a

Higgs of MH = 300� 600 GeV, and hence from the right panel of Figure 18 it follows that

there is no sensitivity to the preferred parameter region from this search.

Searches for heavy charged Higgses have been performed by both ATLAS and CMS

collaborations. In particular, they searched for production modes in association with a

single top, �(bg ! H�t), or top and bottom quarks, �(gg ! H�tb̄), with subsequent

decays into third generation fermions: H� ! t̄b and H� ! ⌧⌫⌧ [70–72]. The most recent
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and systematic uncertainties.
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Search for a pseudoscalar boson A decaying into a Z and
an h boson in the ``bb̄ final state

The CMS Collaboration

Abstract

A search for an extended Higgs sector is carried out in the decay chain of a pseu-
doscalar heavy Higgs boson A into a Z boson and a light Higgs boson h, with the Z
decaying into a pair of leptons (electrons or muons) and the h into a pair of b-quarks.
The light boson h is assumed to be the recently discovered standard model-like Higgs
boson with a 125 GeV mass. Results are presented in terms of cross section upper lim-
its and then interpreted in Two Higgs Doublet Model scenarios. The search is based
on 19.7 fb�1 of proton-proton collision data collected by CMS at the LHC in 2012 atp

s = 8 TeV.
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Figure 14: We show contours of constant �(gg ! A) ⇥ Br(A ! hZ) in picobarn (left

panel) and �(gg ! A) ⇥ Br(A ! hZ ! ``bb̄) in femtobarn (right panel) for 8 TeV pp

collisions and M = 600 GeV.

For large regions of parameter space the total width becomes large. In particular, for

tan� > 1 and | cos(� � ↵)| > O(0.5) values of O(100) GeV can be obtained, such that

finite width e↵ects need to be taken into account. The charged Higgs can also have a

sizable branching ratio Br(H+ ! hW+), which can become the dominant decay channel

for su�ciently large cos(� �↵). In Appendix E we show the branching ratios for all Higgs

bosons for specific benchmark scenarios to be discussed later.

7.2 Analysis of Production and Decay Channels

In the following we study the impact of searches for heavy higgs bosons at ATLAS and CMS.

To this end, we compute the production cross section and various decay rates for the heavy

Higgs bosons. We generate the gluon-fusion production cross section at next-to-leading

order (NLO) using HIGLU [59], taking into account the contributions of the bottom quark

loop and use the leading order expressions for the partial decay width with the appropriate

couplings of our model [60, 61]. When relevant, we also consider the vector-boson fusion

production cross section, using the values quoted in [62, 63]. For charged Higgs production

we use the NLO results in [64]. In the following we will assume M = MA = MH = MH+ ,

if not specified otherwise, and we discuss in detail the e↵ects of a splitting between the

neutral and charged Higgs boson masses.

One of the most interesting channels for the discovery of the pseudoscalar Higgs boson,

involves the A ! hZ decay, because the corresponding branching ratio becomes dominant

for sizable values of cos(��↵). There are several experimental studies constraining �(gg !
A) ⇥ Br(A ! hZ), with the light higgs further decaying into bottom quarks [65, 66], tau

leptons [65], as well as multi-leptons [49].
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tion from SM background sources. The significance
of local excesses is estimated using p-values calcu-
lated with a test statistic based on the profile like-
lihood [47]. The largest data excesses are at mA =
220 GeV (p-value = 0.014) and mA = 260 GeV
(p-value = 0.14) in the combined final states with

h ! bb and h ! ⌧⌧ , respectively. Exclusion lim-
its at the 95% confidence level (CL) are set on the
production cross section times the branching ratio
BR(A ! Zh) as a function of the A boson mass.
The exclusion limits are calculated with a modi-
fied frequentist method [48], also known as CLs,
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MA = MH = 600 GeV, MH+ = (400, 600) GeV
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Figure 16: In the left panel, we show the exclusion contour for �(gg ! A)⇥Br(A ! hZ)⇥
Br(h ! bb̄) for M = 600 GeV in the narrow width (NW) approximation (dashed blue) and

taking into account finite width (FW) e↵ects (solid blue). The black contour additionally

shows mass splitting e↵ects, assuming MA = MH = 600 GeV and MH+ = 400 GeV. The

shaded region inside each contour depicts the excluded area. The right panel shows the

rescaling factor due to FW e↵ects with respect to the NW approximation extrapolated

from the CMS analysis [66], for MA = 500 (600) GeV in pink (green).

branch is given by the region for which the coupling of the light Higgs h to bottom quarks

becomes small.

We consider the measurement of �(gg ! A)⇥ Br(A ! hZ)⇥ Br(h ! bb̄) by ATLAS

[65] and the measurement of �(gg ! A) ⇥ Br(A ! hZ ! `+`�bb̄) by CMS [66] with

`� = e�, µ�. Both experiments give their bounds assuming narrow width approximation

for the heavy scalar. In Figure 15 we compare these bounds (blue curves) from both for

equal masses of the heavy scalars with M = 500 GeV (dotted) and M = 600 GeV (dashed).

For both mass choices the ATLAS measurement gives a stronger bound. ForM = 500 GeV,

substantial regions of the model parameter space are ruled out, however for M = 600 GeV

the model is considerably less constrained. The right panel of Figure 15 also shows the

ATLAS bounds [65] of �(gg ! A)⇥ Br(A ! hZ) with the light Higgs h decaying further

to tau leptons. The corresponding bounds are shown as green contours for M = 500 GeV

(dotted) and M = 600 GeV (dashed). These constraints are substantially weaker than the

corresponding bounds for the h ! bb̄ decay.

In the following we consider the impact of finite width e↵ects on the previous bounds.

In the right panel of Figure 16, we show the rescaling factor for the cross section times

branching ratio due to finite width e↵ects, extrapolated frm the CMS analysis [66], for

MA = 500 (600) GeV in pink (green). In the left panel of Figure 16 we first show for

comparison the exclusion bound from ATLAS data for M = 600 GeV in the narrow width
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Figure 13: The plot shows the parametric dependence of the total width for the heavy

Higgs H (left panel) and total width for the pseudoscalar A (right panel) for M = 600

GeV. The contours, labeled in GeV, show lines of constant width.

consider)

�H = �(H ! WW ) + �(H ! ZZ) + �(H ! hh) + �(H ! AZ) + �(H ! H+W�)

+ �(H ! tt̄) + �(H ! bb̄) + �(H ! cc̄) + �(H ! tc̄) + �(H ! gḡ)

+ �(H ! ⌧+⌧�) ,

�A = �(A ! hZ) + �(A ! HZ) + �(A ! H+W�) + �(A ! tt̄) + �(A ! bb̄)

+ �(A ! cc̄) + �(A ! tc̄) + �(A ! gḡ) + �(A ! ⌧+⌧�) ,

�H+= �(H+ ! hW+) + �(H+ ! HW+) + �(H+ ! AW+) + �(H+ ! tb̄)

+ �(H+ ! ⌧ ⌫̄) . (7.6)

Note that, besides the usual decay channels the flavor violating channel �(� ! ct̄) with

� = H,A appears in 7.6. This channel is characteristic for our model and we therefore

give the partial width explicitely

�(� ! ct̄) =
3

8⇡

�
�tc

�2 m2
t

v2
M�

s

�(1,
m2

t

M2
�

,
m2

c

M2
�

)

8
<

:

⇣
(mt�mc)2

M2
A

� 1
⌘

for M� = MA ,
⇣
1� (mt+mc)2

M2
H

⌘
for M� = MH ,

(7.7)

with

�(x, y, z) = x2 + y2 + z2 � 2xy � 2xz � 2yz . (7.8)

The parametric dependence of the total width for the scalar (pseudoscalar) Higgs boson

is illustrated in the left (right) panel of Figure 13 for M = MA = MH = MH+ = 600 GeV.
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Figure 16: In the left panel, we show the exclusion contour for �(gg ! A)⇥Br(A ! hZ)⇥
Br(h ! bb̄) for M = 600 GeV in the narrow width (NW) approximation (dashed blue) and

taking into account finite width (FW) e↵ects (solid blue). The black contour additionally

shows mass splitting e↵ects, assuming MA = MH = 600 GeV and MH+ = 400 GeV. The

shaded region inside each contour depicts the excluded area. The right panel shows the

rescaling factor due to FW e↵ects with respect to the NW approximation extrapolated

from the CMS analysis [66], for MA = 500 (600) GeV in pink (green).

branch is given by the region for which the coupling of the light Higgs h to bottom quarks

becomes small.

We consider the measurement of �(gg ! A)⇥ Br(A ! hZ)⇥ Br(h ! bb̄) by ATLAS

[65] and the measurement of �(gg ! A) ⇥ Br(A ! hZ ! `+`�bb̄) by CMS [66] with

`� = e�, µ�. Both experiments give their bounds assuming narrow width approximation

for the heavy scalar. In Figure 15 we compare these bounds (blue curves) from both for

equal masses of the heavy scalars with M = 500 GeV (dotted) and M = 600 GeV (dashed).

For both mass choices the ATLAS measurement gives a stronger bound. ForM = 500 GeV,

substantial regions of the model parameter space are ruled out, however for M = 600 GeV

the model is considerably less constrained. The right panel of Figure 15 also shows the

ATLAS bounds [65] of �(gg ! A)⇥ Br(A ! hZ) with the light Higgs h decaying further

to tau leptons. The corresponding bounds are shown as green contours for M = 500 GeV

(dotted) and M = 600 GeV (dashed). These constraints are substantially weaker than the

corresponding bounds for the h ! bb̄ decay.

In the following we consider the impact of finite width e↵ects on the previous bounds.

In the right panel of Figure 16, we show the rescaling factor for the cross section times

branching ratio due to finite width e↵ects, extrapolated frm the CMS analysis [66], for

MA = 500 (600) GeV in pink (green). In the left panel of Figure 16 we first show for

comparison the exclusion bound from ATLAS data for M = 600 GeV in the narrow width
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Figure 16: In the left panel, we show the exclusion contour for �(gg ! A)⇥Br(A ! hZ)⇥
Br(h ! bb̄) for M = 600 GeV in the narrow width (NW) approximation (dashed blue) and

taking into account finite width (FW) e↵ects (solid blue). The black contour additionally

shows mass splitting e↵ects, assuming MA = MH = 600 GeV and MH+ = 400 GeV. The

shaded region inside each contour depicts the excluded area. The right panel shows the

rescaling factor due to FW e↵ects with respect to the NW approximation extrapolated

from the CMS analysis [66], for MA = 500 (600) GeV in pink (green).

branch is given by the region for which the coupling of the light Higgs h to bottom quarks

becomes small.

We consider the measurement of �(gg ! A)⇥ Br(A ! hZ)⇥ Br(h ! bb̄) by ATLAS

[65] and the measurement of �(gg ! A) ⇥ Br(A ! hZ ! `+`�bb̄) by CMS [66] with

`� = e�, µ�. Both experiments give their bounds assuming narrow width approximation

for the heavy scalar. In Figure 15 we compare these bounds (blue curves) from both for

equal masses of the heavy scalars with M = 500 GeV (dotted) and M = 600 GeV (dashed).

For both mass choices the ATLAS measurement gives a stronger bound. ForM = 500 GeV,

substantial regions of the model parameter space are ruled out, however for M = 600 GeV

the model is considerably less constrained. The right panel of Figure 15 also shows the

ATLAS bounds [65] of �(gg ! A)⇥ Br(A ! hZ) with the light Higgs h decaying further

to tau leptons. The corresponding bounds are shown as green contours for M = 500 GeV

(dotted) and M = 600 GeV (dashed). These constraints are substantially weaker than the

corresponding bounds for the h ! bb̄ decay.

In the following we consider the impact of finite width e↵ects on the previous bounds.

In the right panel of Figure 16, we show the rescaling factor for the cross section times

branching ratio due to finite width e↵ects, extrapolated frm the CMS analysis [66], for

MA = 500 (600) GeV in pink (green). In the left panel of Figure 16 we first show for

comparison the exclusion bound from ATLAS data for M = 600 GeV in the narrow width
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Figure 22: Summary plots showing constraints from flavor observables (purple con-

tour) and direct collider searches for A ! hZ ! `+`�bb̄ (blue contour) as well as

H ! W+W�/ZZ (orange contour), where the gray shaded area shows exclusion. The

red shaded region is allowed at the 95% CL from the global fit to Higgs signal strength

measurements to ATLAS data. The green area highlights the allowed region from elec-

troweak precision observables, perturbativity and unitarity constraints. The panels corre-

spond to MA = MH = 600 GeV and MH+ = 450 GeV (left), and MA = MH = 500 GeV

and MH+ = 360 GeV (right). The black crosses in both panels indicate the benchmark

scenarios.

run of the LHC will probe these benchmarks by direct searches for the additional Higgs

bosons. All three benchmark scenarios will be primarily tested by the search for A ! Zh

and H ! V V , that have branching ratios of 55% � 75%, depending on the scenario. In

the case of H ! V V , the inclusive and vector boson fusion production modes will play

a complementary, relevant role. In addition to these discovery channels, other interesting

search modes such as A,H ! W+H�, H ! hh, A ! tt̄, H+ ! hW+, and H+ ! tb̄

would yield additional valuable information about this model. The mass splitting between

neutral and charged scalars give rise to an additional decay chain, that can potentially

allow to discover the charged Higgs even for masses of MH+ ⇡ 360�400 GeV, in particular

for the subsequent decay of H+ ! W+h. Although challenging due to the small branching

ratio, a novel channel in these scenarios is A ! tc̄.

Predictions for particular observables can be computed from the information provided

in Table 4 and Table 5. Finite width e↵ects play a relevant role and in the case of A ! hZ

we have compiled them in the right panel in Figure 16.

Finally, improved measurements of flavor observables, in particular in the neutral Bd

system could additionally constrain the parameter space significantly.
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FIG. 1: Flavor constraints from ✏K for the flavor structure b and M = 600 GeV (left) and for the flavor structure b
and M = 210 GeV (center), as well as from CBd for flavor structure a and M = 600 GeV (right). The color coding
corresponds to accidental cancellations between order one coe�cients of 0.1 (dark red), 0.2 (light red), 0.4 (orange),

0.6 (light green) and 0.8 (light blue). See text for details.

Flavor Constraints. Due to the flavor o↵-diagonal cou-
plings of the scalars in (11), FCNCs are mediated by s-
channel tree-level exchange of h,H and A. The strongest
constraints arise from �F = 2 processes. The NP tree
level contributions to these processes are captured by the
e↵ective Hamiltonian

Htree
NP = Cij

2 Oij
2 + C̃ij

2 Õij
2 + Cij

4 Oij
4 (13)

in which i, j are flavor indices and Oij
2 = (q̄iR qjL)(q̄

i
R qjL),

Õij
2 = (q̄iL qjR)(q̄

i
L qjR), and Oij

4 = (q̄iR qjL) (q̄
i
L qjR). The

Wilson coe�cients read

Cij
x =�cijx

v2

⇢
fh(↵,�)2

m2
h

+
fH(↵,�)2

M2
H

± fA(�)2

M2
A

�
, (14)

with Cij
x = Cij

4 for the positive relative sign and Cij
x =

Cij
2 , C̃ij

2 for the negative sign. In (14), the flavor depen-
dent part is defined as

cij2 ⌘ (G⇤
ij)

2 , c̃ij2 ⌘ (Gji)
2 , cij4 ⌘ G⇤

ijGji/2 . (15)

Therefore, the size of the Wilson coe�cients (14) is con-
trolled by the Higgs boson masses, the flavor universal
functions f'(↵,�), and the explicit flavor-dependent co-
e�cients Gij suppressed through their dependence on the
fermion masses and the structures in (12). These struc-
tures define a hierarchy between the NP contributions
to K � K̄, Bd/s � B̄d/s and D � D̄ mixing. Additional
contributions arise at loop-level, and are dominated by
charged Higgs and W± exchange. These radiative cor-
rections most importantly a↵ect the Wilson coe�cient

C1O1 = C1(q̄iL�µq
j
L)(q̄

i
L�

µqjL) already present in the SM,
however, they are additionally suppressed by a paramet-
ric dependence CNP

1 / cot2 � for both type I and type
II 2HDFMs. Other loop contributions are subleading.
The contributions to K� K̄ mixing from both flavor sce-
narios are of similar order, and ✏K yields the strongest
constraint for the structure b . The left and center panel
of Figure 1 show contours of

C✏K =
Im hK0|HSM +HNP|K̄0i

ImhK0|HSM|K̄0i = 1.05+0.36
�0.28 , (16)

in agreement with the experimental constraint [10], for
masses M = MH = MA = MH+ = 210 GeV (left) and
M = 600 GeV (center), respectively. The constraints
from Bd�B̄d mixing are the most stringent for the struc-
ture a, and we show contours of

CBd =

����
hB0

d|HSM +HNP|B̄0
di

hB0
d|HSM|B̄0

di

���� = 1.07+0.36
�0.31, (17)

in agreement with the experimental bound [10] in the
right panel of Figure 1. The color coding shows a suppres-
sion of the structures (12) by factors of order 0.1 (dark
red), 0.2 (light red), 0.4 (orange), 0.6 (light green) and
0.8 (light blue), which are the result of accidental can-
cellations in the coe�cients depending on yqij , ỹ

q
ij . In a

random scanning over yqij and ỹqij parameters, this means
that only selected sets of parameters agree with the flavor
constrains in the shown regions. For example in scenario
b, the light red region corresponds to 20% of the param-
eter sets fulfilling the constraints, while 80% of all pa-
rameter sets agree in the light blue region. For scenario
a instead, both structures Q and D need to be simulta-
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•  Electroweak scale flavor symmetries will be discovered or 
excluded by the LHC! 

•  A generic flavon is very hard to discover. A 100 TeV collider 
would be the first machine in history with a realistic shot.  

•  The upcoming golden age of Lepton flavor will test the 
flavor structure in the lepton sector and improve on the 
bounds in the quark sector 

Conclusions

Thank you!
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Collider Searches for Vector Fermions

Heavy Vector Quarks have to be at the TeV scale!

[ATLAS summary July 2014]

CMS summary 2014]
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A UV Completion: Vectorlike Fermions

Heavy Vectorlike Quarks have to be at the TeV scale!

[ATLAS summary July 2014]
[CMS summary 2014]
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Figure 18: Masses of the new fermions or scalars in the UV completion depending on

tan� and for four di↵erent values of the average Yukawa coupling ȳ = 1, 1.5, 2, 2.5 (from

bottom to top). Fermion masses below the solid red line are excluded by current LHC

bounds, while the dashed red line shows the expected exclusion reach for the 14 TeV run

of the LHC.

The UV completion predicts new color-charged fermions with masses of the order of

the TeV scale. This makes them very interesting for direct searches for heavy quarks. Such

searches have been performed by ATLAS [77] and CMS [78, 79] and exclude vector reso-

nances with masses of 600 � 800 GeV depending on the decay mode, with some channels

already probing Top partners T up to 900 GeV for 100% branching ratio of T ! W+b

[80]. These bounds however have to be adjusted, because the new resonances typically have

branching ratios of Br(T ! W+b) . 50% and Br(T ! hc) . 25%, Br(T ! Zc) . 25%

[81], depending on the specific UV completion. The next run of the LHC will most likely

exclude or discover these resonances, given that projections imply bounds of M & 1.2 (1.4)

TeV for 20 fb�1(100 fb�1) for a 50% branching ratio of T ! W+b [82]. The current and

projected exclusion bounds on new fermion masses are shown as solid and dashed red lines

in Figure 18, respectively.

The full UV completion is subject to constraints from electroweak precision measure-

ments as well as from flavor physics [76]. The latter have been addressed in [7], while

a general discussion on new vector fermions including bounds from electroweak precision

measurements can be found for example in [81]. These contributions depend on the exact

realization of the UV completion and a detailed analysis is beyond the scope of this paper.
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limits are

Br(H� ! ⌧⌫) < 0.153 pb� 0.026 pb for MH+ = 300� 600GeV , (7.12)

Br(H� ! tb̄) < 6 pb� 4 pb for MH+ = 300� 600GeV , (7.13)

assuming Br(H� ! ⌧⌫) = 100% and Br(H� ! tb̄) = 100%, respectively. These val-

ues are below the expected production cross section, �(pp ! H�t(b)) = 70 fb � 6 fb for

MH+ = 300GeV � 600GeV and tan� ⇡ 2 (lower values of the production cross section

occur for 2 < tan� < 6) [64]. A heavy charged Higgs boson is therefore not constrained

for the parameter region of interest, through current direct search limits.

For a heavy charged Higgs MH+ ⇡ 360� 400 GeV,cos(� � ↵) & 0.3(0.2) and tan� =

2(4), the decay channel H+ ! hW+ dominates over H+ ! tb̄. The branching ratio can

become as large as Br(H+ ! hW+) ⇡ 85% for tan� = 2.5, cos(��↵) = 0.6. For a lighter

charged Higgs, this is slightly less pronounced and we find Br(H+ ! hW+) ⇡ 70% for

tan� = 2.5, cos(� � ↵) = 0.6 and MH+ = 400 GeV.

8 Origin of the E↵ective Yukawa Couplings

In this section we present an example of the origin of the e↵ective Yukawa couplings at the

TeV scale for the bottom quark sector. Similar considerations can explain the generation

of the other e↵ective light quark Yukawa couplings in our model. A complete description

of the UV completion is beyond the scope of this paper.

A possible completion of the Froggatt Nielsen model may introduce new colored vector-

like fermions or additional scalar doublets [73], whose masses determine the suppression

scale ⇤ in the expansion parameter (2.5). Since in our model the flavor breaking scale is

identified with the electroweak scale and the expansion parameter is fixed by the ratio of

bottom and top quark masses " = mb/mt, the UV scale is constrained to be of the order

of ⇤ ⇠ 1 TeV.

The relevant operators that would provide a UV completion for the bottom Yukawa

interactions are

LUV = y1 bLHd ⌘R + y2 ⌘R Hu  L + y3  LHd bR +M⌘⌘̄L⌘R +M  ̄L R , (8.1)

such that after integration of the heavy fields the e↵ective Lagrangian is given by

LEFT = Y e↵
b bLHd bR , (8.2)

with

Y e↵
b ⌘ " yd =

y1 y2 y3
M⌘M 

vuvd
2

. (8.3)

The corresponding diagram is given in Figure 20 in which the new vector-like fermions

carry quantum numbers

⌘L,R ⇠ (3,1,�1/3, 2) ,  L,R ⇠ (3,2, 1/6, 1) , (8.4)
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Available on the CERN CDS information server CMS PAS HIG-14-011

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2014/11/15

Search for a pseudoscalar boson A decaying into a Z and
an h boson in the ``bb̄ final state

The CMS Collaboration

Abstract

A search for an extended Higgs sector is carried out in the decay chain of a pseu-
doscalar heavy Higgs boson A into a Z boson and a light Higgs boson h, with the Z
decaying into a pair of leptons (electrons or muons) and the h into a pair of b-quarks.
The light boson h is assumed to be the recently discovered standard model-like Higgs
boson with a 125 GeV mass. Results are presented in terms of cross section upper lim-
its and then interpreted in Two Higgs Doublet Model scenarios. The search is based
on 19.7 fb�1 of proton-proton collision data collected by CMS at the LHC in 2012 atp

s = 8 TeV.

10 7 Results and interpretation
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Figure 4: Observed and expected (with ±1, 2s bands) 95% CL upper limit on s ⇥ B(A !
Zh ! ``bb̄) as a function of mA in the narrow-width approximation, including all statistical
and systematic uncertainties.

 [GeV]Am
350 400 450 500 550 600

 ll
b

b
) 

[f
b

]
→

 Z
h

 
→

 B
(A

 
× 

σ

0.8
1

2

10

20

30
40
50
60
70

= 30 GeVAΓ

95% CL Limits

Observed
Expected

σ1±Expected 

σ2±Expected 

  (8 TeV)-1L = 19.7 fb

CMS
Preliminary

 llbb→ Zh →A 

 [GeV]AΓ
0 5 10 15 20 25 30 35 40

 ll
b

b
) 

[f
b

]
→

 Z
h

 
→

 B
(A

 
× 

σ

0.8
1

2

10

20

30
40
50
60
70

95% CL Limits

Observed
Expected

σ1±Expected 

σ2±Expected 

  (8 TeV)-1L = 19.7 fb

CMS
Preliminary

 llbb→ Zh →A 

= 500 GeVAm

Figure 5: Observed and expected 95% CL upper limit on s ⇥ B(A ! Zh ! ``bb̄) for GA =
30 GeV as a function of mA (left) and for mA = 500 GeV as a function of the A boson width.
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Figure 13: The plot shows the parametric dependence of the total width for the heavy

Higgs H (left panel) and total width for the pseudoscalar A (right panel) for M = 600

GeV. The contours, labeled in GeV, show lines of constant width.

consider)
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�H+= �(H+ ! hW+) + �(H+ ! HW+) + �(H+ ! AW+) + �(H+ ! tb̄)

+ �(H+ ! ⌧ ⌫̄) . (7.6)

Note that, besides the usual decay channels the flavor violating channel �(� ! ct̄) with

� = H,A appears in 7.6. This channel is characteristic for our model and we therefore

give the partial width explicitely
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with

�(x, y, z) = x2 + y2 + z2 � 2xy � 2xz � 2yz . (7.8)

The parametric dependence of the total width for the scalar (pseudoscalar) Higgs boson

is illustrated in the left (right) panel of Figure 13 for M = MA = MH = MH+ = 600 GeV.
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Why should the flavor scale be low?

• Why not? 

• A link to Baryogenesis? 

• A link to Dark Matter? 

• It could be related to the electroweak scale 



A link to Dark Matter?
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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Figure 7. Flavon production cross sections in the di↵erent channels for the 8 TeV LHC, the 14 TeV LHC,
and a 100 TeV future hadron collider.

where we assume that the collinear bottoms in the final state do not give us an experimental handle
on the signal vs background. In addition, there exist associated production channels

bg ! ab or ug, cg ! at . (32)

Here we assume the additional b-quark to be hard and central, so it can be tagged. While the
bottom-associated channel is driven by a flavor-diagonal coupling gabb, the top-associated produc-
tion indicates a flavor-violating flavon-quark coupling. The di↵erent production cross sections for
the LHC and for a 100 TeV hadron collider are shown in Fig. 7. At the latter with an integrated
luminosity of 30 ab�1, we would expect to produce millions of flavons with ma > 500 GeV. In the
following we will study two kinds of collider signatures:

• first, we can search for traditional resonance decays, like a ! ⌧⌧ . In that case all production
processes in Eqs.(31) and (32) contribute;

• second, we can make specific use of top-associated production, where flavon decays into tq̄
and t̄q for q = u, c are equally likely.

In both cases the key question will be how we can control large Standard Model backgrounds,
which in general are easy to compute and measure at the LHC or a 100 TeV hadron collider.

Resonance searches

The direct way to look for a flavon as new dynamical degree of freedom is to search for reso-
nances. Following Fig. 1 the relevant channels to look at are pp ! a ! bb̄ or ⌧+⌧�. Note that
the generic decay of heavy resonances to tt̄ drops out since there is no flavor diagonal coupling
of the flavon to top quarks. A detection in the �� channel can also be discarded because of the
missing top contribution to the loop. To estimate the discovery potential of a future 100 TeV
hadron collider, we can scale up the

p
s = 8 TeV LHC limits using

(� ⇥ BR)100
limit

=

r
L
8

L
100

s
�100

BG

�8

BG

(� ⇥ BR)8
limit

. (33)

For most Standard Model backgrounds except for tt̄ production one expects a background increase
by a factor ⇠ 10 (cf. Fig. ??). In Tab. I we summarize some

p
s = 8 TeV limits and their ts: if we want, we

should be able to do

it better
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mX = 1000 (500) GeV ATLAS 8 TeV CMS 8 TeV scaled to 100 TeV flavon
di-jet 0.34 0.18 (M=1300 GeV) 3. · 10�2 9.1 · 10�4

⌧⌧ 5 · 10�3 (0.03) 9 · 10�3 (0.04) 5. · 10�4 (3. · 10�3) 1.7 · 10�4 (2.2 · 10�3)
di-muon 7 · 10�4 (3 · 10�3) 9 · 10�4 (3 · 10�3) 6 · 10�5 (3. · 10�4) 1.7 · 10�6 (2.2 · 10�5)
�� 5 · 10�3 (8 · 10�3) (2 · 10�3) 4 · 10�4 (7. · 10�4) 3.5 · 10�11 (1.3 · 10�9)

Table I. Expected limits for � ⇥ BR in pb assuming �new

BG

/�old

BG

= 10. Flavon expectation for f = 500 GeV.
L(14 TeV) = 20 fb�1. L(14 TeV) = 30 ab�1 [6–11, 28, 29].

rough estimate for
p
s = 100 TeV. None of the considered channels provides a visible resonance

only pp ! a ! ⌧⌧ becomes close to be sensitive. All resonances searches are generic for a
new (pseudo)scalar, however due the flavor-o↵diagonal coupling gtc the flavon model allows for
the production of single tops. While the t-channel su↵ers from two couplings of the flavon, the
s-channel provides the possibility of a resonance search on top of the SM spectrum. The SM
single top NLO cross section at

p
s = 100 TeV is 73.5 pb for |⌘| < 2.5 [26]. For the flavon of

ma = 500 (1000) GeV we expect �⇥BR = 2.7 · 10�2 (2.2 · 10�3) pb. Since we would have to tag a
c-jet not a b-jet like for the SM process or charged Higgses, the observed rate picks up an additional
reduction by a factor of 0.1. Thus even without considering the tt̄ background this channel turns
out to be not sensitive.

Associated production

In addition to the resonance searches addressed in the last section, the large flavor-changing cou-
pling gtc allows for associated production with a top quark although there is no direct coupling gatt.
Based on the flavon’s branching ratios the relevant decays of the flavon are a ! bb̄, ⌧+⌧� or the
flavor-violating decay to a top and a charm quark provided ma > mt. The flavor-changing decay
gives rise to two same-sign top quarks and is addressed in the next section. While the decay into
bottom quarks in presence of an additional top would lead to combinatorial background and would
be overwhelmed by the tt̄ background, the decay to a pair of ⌧ -leptons is more promising. To be
able to reconstruct the final state, we focus on the hadronic decay modes of the ⌧ -leptons and the
top quark. A leptonic top decay giving rise to a third neutrino would complicate the final state
reconstruction. For reasonable flavon masses the ⌧ -leptons from the flavon decay are more boosted
than the decay jets of the top which reflects in the parton-level transverse momentum distributions
in Fig. 8. This feature allows for a straight-forward analysis strategy: Look for events with at least
five jets and no isolated leptons. Require the leading jet to be hard. Ask the two leading jets to
be ⌧ tagged and the sum the 3 following jets to be close to the top mass. In particular, we require

nj � 5, n` = 0, pj1T > 150 GeV m(j
3

j
4

j
5

) 2 [140, 190] GeV . (34)

Of course this top reconstruction is not optimal but it is not essential for our analysis since it
e↵ects signal and background in the same way. We assume a ⌧ -tagging e�ciency ✏⌧ = 0.3 and
a misidentification rate of ✏j = 10�3. Recently, ✏⌧ = 0.15 for ✏j = 10�3 at ATLAS [32] ts:use
those?. To reconstruct the di-⌧ mass, we have to face the missing momentum corresponding to
the sum of the two ⌧ neutrinos. Using the measured transverse momentum and assuming the jets
to be collinear to the ⌧ -leptons one finds

m2

⌧⌧ =
2(pj1pj2)

x
1

x
2

with
~pT,j1
x
1

+
~pT,j2
x
2

= ~pT,j1 + ~pT,j1 + /~pT . (35)

This reconstruction is possible since the ⌧ -leptons are not produced back-to-back due to the slightly
boosted production of the flavon. We simulate the flavon signal sample as well as a fully-hadronic

Future Collider Searches
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Figure 7. Flavon production cross sections in the di↵erent channels for the 8 TeV LHC, the 14 TeV LHC,
and a 100 TeV future hadron collider.

where we assume that the collinear bottoms in the final state do not give us an experimental handle
on the signal vs background. In addition, there exist associated production channels

bg ! ab or ug, cg ! at . (32)

Here we assume the additional b-quark to be hard and central, so it can be tagged. While the
bottom-associated channel is driven by a flavor-diagonal coupling gabb, the top-associated produc-
tion indicates a flavor-violating flavon-quark coupling. The di↵erent production cross sections for
the LHC and for a 100 TeV hadron collider are shown in Fig. 7. At the latter with an integrated
luminosity of 30 ab�1, we would expect to produce millions of flavons with ma > 500 GeV. In the
following we will study two kinds of collider signatures:

• first, we can search for traditional resonance decays, like a ! ⌧⌧ . In that case all production
processes in Eqs.(31) and (32) contribute;

• second, we can make specific use of top-associated production, where flavon decays into tq̄
and t̄q for q = u, c are equally likely.

In both cases the key question will be how we can control large Standard Model backgrounds,
which in general are easy to compute and measure at the LHC or a 100 TeV hadron collider.

Resonance searches

The direct way to look for a flavon as new dynamical degree of freedom is to search for reso-
nances. Following Fig. 1 the relevant channels to look at are pp ! a ! bb̄ or ⌧+⌧�. Note that
the generic decay of heavy resonances to tt̄ drops out since there is no flavor diagonal coupling
of the flavon to top quarks. A detection in the �� channel can also be discarded because of the
missing top contribution to the loop. To estimate the discovery potential of a future 100 TeV
hadron collider, we can scale up the
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(� ⇥ BR)100
limit

=

r
L
8

L
100

s
�100

BG

�8

BG

(� ⇥ BR)8
limit

. (33)

For most Standard Model backgrounds except for tt̄ production one expects a background increase
by a factor ⇠ 10 (cf. Fig. ??). In Tab. I we summarize some

p
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it better
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mX = 1000 (500) GeV ATLAS 8 TeV CMS 8 TeV scaled to 100 TeV flavon
di-jet 0.34 0.18 (M=1300 GeV) 3. · 10�2 9.1 · 10�4
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= 10. Flavon expectation for f = 500 GeV.
L(14 TeV) = 20 fb�1. L(14 TeV) = 30 ab�1 [6–11, 28, 29].

rough estimate for
p
s = 100 TeV. None of the considered channels provides a visible resonance

only pp ! a ! ⌧⌧ becomes close to be sensitive. All resonances searches are generic for a
new (pseudo)scalar, however due the flavor-o↵diagonal coupling gtc the flavon model allows for
the production of single tops. While the t-channel su↵ers from two couplings of the flavon, the
s-channel provides the possibility of a resonance search on top of the SM spectrum. The SM
single top NLO cross section at

p
s = 100 TeV is 73.5 pb for |⌘| < 2.5 [26]. For the flavon of

ma = 500 (1000) GeV we expect �⇥BR = 2.7 · 10�2 (2.2 · 10�3) pb. Since we would have to tag a
c-jet not a b-jet like for the SM process or charged Higgses, the observed rate picks up an additional
reduction by a factor of 0.1. Thus even without considering the tt̄ background this channel turns
out to be not sensitive.

Associated production

In addition to the resonance searches addressed in the last section, the large flavor-changing cou-
pling gtc allows for associated production with a top quark although there is no direct coupling gatt.
Based on the flavon’s branching ratios the relevant decays of the flavon are a ! bb̄, ⌧+⌧� or the
flavor-violating decay to a top and a charm quark provided ma > mt. The flavor-changing decay
gives rise to two same-sign top quarks and is addressed in the next section. While the decay into
bottom quarks in presence of an additional top would lead to combinatorial background and would
be overwhelmed by the tt̄ background, the decay to a pair of ⌧ -leptons is more promising. To be
able to reconstruct the final state, we focus on the hadronic decay modes of the ⌧ -leptons and the
top quark. A leptonic top decay giving rise to a third neutrino would complicate the final state
reconstruction. For reasonable flavon masses the ⌧ -leptons from the flavon decay are more boosted
than the decay jets of the top which reflects in the parton-level transverse momentum distributions
in Fig. 8. This feature allows for a straight-forward analysis strategy: Look for events with at least
five jets and no isolated leptons. Require the leading jet to be hard. Ask the two leading jets to
be ⌧ tagged and the sum the 3 following jets to be close to the top mass. In particular, we require

nj � 5, n` = 0, pj1T > 150 GeV m(j
3

j
4

j
5

) 2 [140, 190] GeV . (34)

Of course this top reconstruction is not optimal but it is not essential for our analysis since it
e↵ects signal and background in the same way. We assume a ⌧ -tagging e�ciency ✏⌧ = 0.3 and
a misidentification rate of ✏j = 10�3. Recently, ✏⌧ = 0.15 for ✏j = 10�3 at ATLAS [32] ts:use
those?. To reconstruct the di-⌧ mass, we have to face the missing momentum corresponding to
the sum of the two ⌧ neutrinos. Using the measured transverse momentum and assuming the jets
to be collinear to the ⌧ -leptons one finds
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+
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This reconstruction is possible since the ⌧ -leptons are not produced back-to-back due to the slightly
boosted production of the flavon. We simulate the flavon signal sample as well as a fully-hadronic
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Figure 8. Left: Parton-level pT distributions. Right: Reconstructed mass distribution. Both figures are
simulated for ma = 500 GeV. right figure needs more t⌧ th events if we want to show it.

tt̄ sample and a tt̄ sample with one hadronic top and the other top decaying to a ⌧ -lepton with
MadGraph5+Pythia8 [33, 34] where we implemented our model using FeynRules [38]. Con-
sequently, we perform a fast detector simulation with Delphes3 [35, 36] and construct R = 0.4
anti-kT jets with FastJet3 [37]. For the jets we require pT > 20 GeV and |⌘| < 2.5. The obtained
mass distribution for a flavon with ma = 500 GeV and f = 500 GeV in Fig. 8 is shifted towards
lower masses caused by losses in the reconstruction. The comparison of the expected signal to
the top pair production background kills all our attempts. An order of magnitude reduction of
✏j would bring the hadronic tt̄ background to the signal level. However, top decays involving a ⌧
would still overwhelm the expected signal.

Same-sign top pairs

The probably most interesting signature is same-sign top production with an additional jet

gc ! ttc̄, gc̄ ! t̄t̄c . (36)

As a signature this process yields same-sign leptons, two b-jets and one additional jet. The compa-
rable Standard Model process pp ! bbW+W+j has a leading order cross section of 5.7·10�7 pb and
thus is negligible for our purposes. Another source of backgrounds are processes that give rise to a
similar signature. Therefore, we consider tt̄Zj and tt̄Wj with at least one leptonic top decay and the
additional weak bosons decaying leptonically. We simulate the hard process with Madgraph5 [33]
and shower with Pythia8 [34]. All events pass a Delphes3 [35, 36] fast detector simulation. Be-
fore cuts the backgrounds overwhelm the expected signal of �SST = 9.2 · 10�4 pb⇥ (500 GeV/f)2

(ma = 500 GeV) with �ttWj = 0.66 pb and �ttZj = 0.96 pb.
We select events with two isolated (R

iso

= 0.2, I
iso

= 0.1) same-sign leptons with pT > 10 GeV,
|⌘| < 2.5. In events with more than 2 equally charged leptons, we pick the hardest ones. If there is
a third lepton of di↵erent sign, we veto events with |m

`
(ss)
i `(ds)

�mZ | < 15 GeV to reduce the tt̄Zj

background. The hadronic activity is clustered into R = 0.4 anti-kT jets with pT > 40 GeV and
|⌘j | < 2.5 using FastJet3 [37]. The hardest jet with pT > 100 GeV is considered as c-candidate.
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= 10. Flavon expectation for f = 500 GeV.
L(14 TeV) = 20 fb�1. L(14 TeV) = 30 ab�1 [6–11, 28, 29].

rough estimate for
p
s = 100 TeV. None of the considered channels provides a visible resonance

only pp ! a ! ⌧⌧ becomes close to be sensitive. All resonances searches are generic for a
new (pseudo)scalar, however due the flavor-o↵diagonal coupling gtc the flavon model allows for
the production of single tops. While the t-channel su↵ers from two couplings of the flavon, the
s-channel provides the possibility of a resonance search on top of the SM spectrum. The SM
single top NLO cross section at

p
s = 100 TeV is 73.5 pb for |⌘| < 2.5 [26]. For the flavon of

ma = 500 (1000) GeV we expect �⇥BR = 2.7 · 10�2 (2.2 · 10�3) pb. Since we would have to tag a
c-jet not a b-jet like for the SM process or charged Higgses, the observed rate picks up an additional
reduction by a factor of 0.1. Thus even without considering the tt̄ background this channel turns
out to be not sensitive.

Associated production

In addition to the resonance searches addressed in the last section, the large flavor-changing cou-
pling gtc allows for associated production with a top quark although there is no direct coupling gatt.
Based on the flavon’s branching ratios the relevant decays of the flavon are a ! bb̄, ⌧+⌧� or the
flavor-violating decay to a top and a charm quark provided ma > mt. The flavor-changing decay
gives rise to two same-sign top quarks and is addressed in the next section. While the decay into
bottom quarks in presence of an additional top would lead to combinatorial background and would
be overwhelmed by the tt̄ background, the decay to a pair of ⌧ -leptons is more promising. To be
able to reconstruct the final state, we focus on the hadronic decay modes of the ⌧ -leptons and the
top quark. A leptonic top decay giving rise to a third neutrino would complicate the final state
reconstruction. For reasonable flavon masses the ⌧ -leptons from the flavon decay are more boosted
than the decay jets of the top which reflects in the parton-level transverse momentum distributions
in Fig. 8. This feature allows for a straight-forward analysis strategy: Look for events with at least
five jets and no isolated leptons. Require the leading jet to be hard. Ask the two leading jets to
be ⌧ tagged and the sum the 3 following jets to be close to the top mass. In particular, we require

nj � 5, n` = 0, pj1T > 150 GeV m(j
3

j
4

j
5

) 2 [140, 190] GeV . (34)

Of course this top reconstruction is not optimal but it is not essential for our analysis since it
e↵ects signal and background in the same way. We assume a ⌧ -tagging e�ciency ✏⌧ = 0.3 and
a misidentification rate of ✏j = 10�3. Recently, ✏⌧ = 0.15 for ✏j = 10�3 at ATLAS [32] ts:use
those?. To reconstruct the di-⌧ mass, we have to face the missing momentum corresponding to
the sum of the two ⌧ neutrinos. Using the measured transverse momentum and assuming the jets
to be collinear to the ⌧ -leptons one finds

m2

⌧⌧ =
2(pj1pj2)

x
1

x
2

with
~pT,j1
x
1

+
~pT,j2
x
2

= ~pT,j1 + ~pT,j1 + /~pT . (35)

This reconstruction is possible since the ⌧ -leptons are not produced back-to-back due to the slightly
boosted production of the flavon. We simulate the flavon signal sample as well as a fully-hadronic

✏⌧ = 0.15 ✏j = 10�3Tau tagging Tau Misidentification

hopeless…

Future Collider Searches



Benchmark 1 : MA = MH = 600 GeV, MH+ = 450GeV ,

1a cos(� � ↵) = 0.55 , tan� = 3,

1b cos(� � ↵) = 0.42 , tan� = 4.5,

Light Higgs Couplings:

1a t = 1.02 , V = 0.84 , b = ⌧ = �0.61 , c = 1.22 , s = �0.41

1b t = 1.00 , V = 0.91 , b = ⌧ = �0.96 , c = 1.02 , s = �0.95

Higgs Signal Strength:

1a µV µ� µb µc

�gg!h 1.38 1.21 0.74 2.95

�tt̄!h 1.33 1.17 0.71 2.84

�V BF ,�V H 0.89 0.78 0.48 1.91

1b µV µ� µb µc

�gg!h 0.96 0.91 1.09 1.22

�tt̄!h 0.90 0.85 1.02 1.14

�V BF ,�V H 0.74 0.70 0.84 0.94

Heavy Scalar Production Cross Sections for 1a (1b):

8 TeV: �(gg ! A) = 78(36) fb , �(gg ! H) = 32(21) fb ,

�(pp ! H�t(b)) = 9(4) fb ,

14 TeV: �(gg ! A) = 361(157) fb , �(gg ! H) = 166(97) fb ,

�(pp ! H�t(b)) = 63(25) fb ,

Heavy Scalar Decay Modes:

A �i/�A

1a 1b

Zh 70.2% 62%

W�H+ 14.4% 21.8%

bb̄ 1.6% 5.2%

tt̄ 12.9% 8.7%

⌧+⌧� 0.2% 0.7%

tc̄ 0.4% 1.1%

H �i/�H

1a 1b

WW 52.9% 43%

ZZ 25.6% 20.9%

hh 9.2% 16.9%

W�H+ 6.8% 11.2%

tt̄ 3.9% 3.5%

H+ �i/�H+

1a 1b

hW 78.7% 81.5%

tb̄ 21.2% 18.2%

⌧⌫ 0.048% 0.33%

Total Width for 1a (1b):

�h = 2.22 (3.71) MeV , �A = 24.6 (16.3) GeV , �H = 36.4 (26.1) GeV ,

�H+ = 10.2 (5.8) GeV .

Table 4: Values for the Higgs signal strength, heavy scalar production cross sections for

the dominant channels at the LHC, partial and total widths for the benchmarks 1a and

1b.

channels are suppressed with respect to the SM, in particular the h ! bb̄ search mode.

In Benchmark 1b all tree-level fermion and gauge Higgs couplings are within less than

5� 10% of the SM expectations, hence the signal strengths in gluon fusion production are
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Benchmark 2 : MA = MH = 500 GeV, MH+ = 360GeV ,

cos(� � ↵) = 0.45 , tan� = 4,

Light Higgs Couplings:

1b t = 1.01 , V = 0.9 , b = ⌧ = �0.81 , c = 1.1 , s = �0.71

Higgs Signal Strength:

2 µV µ� µb µc

�gg!h 1.15 1.07 0.94 1.76

�tt̄!h 1.09 1.02 0.90 1.67

�V BF ,�V H 0.86 0.80 0.71 1.32

Heavy Scalar Production Cross Sections:

8 TeV: �(gg ! A) = 130 fb , �(gg ! H) = 53 fb , �(pp ! H�t(b)) = 12 fb ,

14 TeV: �(gg ! A) = 546 fb , �(gg ! H) = 224 fb , �(pp ! H�t(b)) = 66 fb ,

Heavy Scalar Decay Modes:

A �i/�A

Zh 56.6%

W�H+ 23.3%

bb̄ 5.3%

tt̄ 12.4%

⌧+⌧� 0.66%

tc̄ 1.1%

H �i/�H

WW 45.4%

ZZ 21.8%

hh 11.5%

W�H+ 12.6%

tt̄ 3.65%

H+ �i/�H+

hW 71.8%

tb̄ 27.8%

⌧⌫ 0.4%

Total Width:

�h = 3 MeV , �A = 10.7 GeV , �H = 15.7 GeV , �H+ = 3 GeV .

Table 5: Values for the Higgs signal strength, heavy scalar production cross sections for

the dominant channels at the LHC, partial and total widths for the benchmark 2.

also within 5� 10% of the SM ones, with the exception of a 20% enhancement in µc. All

vector boson fusion/VH production channels are suppressed with a maximal suppression

of 25� 30% in the case of light Higgs decaying into gauge bosons.

Benchmark 2 allows for the smallest possible values of MH+ = 360 GeV compatible

with the 3� bounds derived from the experimental b ! s� measurement in a type II 2HDM

with tan� > 2. Benchmark 2 has a similar tendency in the couplings of gauge bosons and

fermions to the light Higgs boson and hence in the corresponding signal strengths as in

Benchmark 1a, but with percentual e↵ects in the deviations from SM predictions that are

a factor 2�3 smaller. In addition to improving signal strength measurements, the ongoing
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Hadronic Radiative Higgs Decays

h

γ

h

γ

h

γ

γ/Z

Figure 2: Direct (left and center) and indirect (right) contributions to the h → V γ
decay amplitude. The crossed circle in the third diagram denotes the off-shell h → γγ∗

and h → γZ∗ amplitudes, which in the SM arise first at one-loop order.

an off-shell photon or Z boson produced in a h → γγ∗/γZ∗ transition [9]. We refer to this
as the “indirect” contribution. It involves the hadronic matrix element of a local current and
thus can be expressed in terms of the decay constant fV of the vector meson. The direct
contribution is sensitive to the Yukawa coupling of the Higgs boson to the quarks which make
up the vector meson. We shall find that in the SM the direct and indirect contributions to
the h → V γ decay amplitude interfere destructively. They are of similar size for V = Υ,
while the direct contributions are smaller than the indirect ones by factors of about 0.06 for
V = J/ψ, 0.002 for V = φ, and few times 10−5 for V = ρ0 and ω. The sensitivity to the
Yukawa couplings thus crucially relies on the precision with which the indirect contributions
can be calculated. We will come back to this point below.

The most general parametrization of the h → V γ decay amplitude is

iA(h → V γ) = −
efV
2

[

(

ε∗V · ε∗γ −
q · ε∗V k · ε∗γ

k · q

)

F V
1 − iϵµναβ

kµqνε∗αV ε
∗β
γ

k · q
F V
2

]

, (5)

where both the final-state meson and the photon are transversely polarized. From (5), the
decay rate is obtained as

Γ(h → V γ) =
αf 2

V

8mh

(

∣

∣F V
1

∣

∣

2
+
∣

∣F V
2

∣

∣

2
)

. (6)

Here α = 1/137.036 is the fine-structure constant evaluated at q2 = 0 [21], as appropriate
for a real photon. We choose to normalize the decay amplitude in (5) to the vector-meson
decay constant fV , which is defined in terms of a matrix element of a local vector current.
Since we consider neutral, flavor-diagonal mesons, the definition of the decay constants (and
of other hadronic matrix elements) is complicated by the effects of flavor mixing. In complete
generality, such a neutral meson V can be regarded as a superposition of flavor states |qq̄⟩.
We can thus define flavor-dependent decay constants f q

V via

⟨V (k, ε)| q̄γµq |0⟩ = −if q
VmV ε

∗µ ; q = u, d, s, . . . . (7)

A certain combination of these flavor-specific decay constants can be measured in the leptonic
decay V → e+e−. The corresponding decay amplitude involves the matrix element of the

5

Figure 8: Predictions for the h → J/ψ γ and h → Υ(1S) γ branching ratios, normalized
to the h → γγ branching fraction, as functions of κc and κb, respectively, normalized
to κeffγγ . The SM values are indicated by the red arrows.

We now turn to the more interesting cases of radiative Higgs decays into heavy quarkonium
states. In Figure 8 we show our predictions as a function of the physical parameters κc (not
κ̄c) and κb, again assuming that the CP-odd couplings κ̃c and κ̃b vanish. In the latter case the
impact of a possible CP-odd coupling on the branching fraction can be significant, and in the
case of a measurement of a non-standard rate one should keep this possibility in mind. From
the left plot in the figure we conclude that a 20% measurement of the h → J/ψ γ branching
ratio at the SM value would allow one to constrain −0.51 < κc/κeffγγ < 3.07, which would
provide quite interesting information on the CP-even charm-quark Yukawa coupling. With
a 10% measurement this range could be shrunk to 0.32 < κc/κeffγγ < 1.53, and with a 5%
measurement one could reach 0.75 < κc/κeffγγ < 1.19. Such accurate measurements serve as an
interesting physics target for a future 100TeV proton-proton collider.

The situation with the h → Υ(nS) γ decay modes is different and quite interesting. In
the SM the corresponding branching fractions shown in (45) are so small that these decays
would be unobservable. The strong suppression arises from an almost perfect cancellation
between the direct and indirect contributions to the decay amplitudes, which results from the
fact that in the SM Re∆Υ(nS) ≈ 1 within a few percent, see (43). Thanks to this fortuitous
fact, these decays offer a much enhanced sensitivity to the effects of new physics. For instance,
the SM value of the h → Υ(1S) γ branching ratio of 4 × 10−9 can be enhanced by a factor
of more than 200 for κb/κeffγγ ≈ −1 or κb/κeffγγ ≈ 3. The first of these possibilities would yield
a h → bb̄ rate consistent with current LHC measurements. For example, with a hypothetical
25% measurement Br(h → Υ(1S) γ)/Br(h → γγ) = (0.4 ± 0.1) · 10−3 one would conclude
from the figure that −1.21 < κb/κeffγγ < −0.64, which would be a very significant piece of
information and a spectacular sign of new physics.

One may ask whether the current bounds obtained by the ATLAS collaboration already
have a significant impact on the Higgs couplings. Unfortunately this is not the case. We find
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Flavor off-diagonal Top Decays

[CMS 1410.2751]

Current bound

HL LHC

[ATLAS 1403.6293]

tions from the neutral Higgs by a factor of

mt Vtb V
⇤
ts

mb f(↵,�) "
⇡ O(102 � 103) , (5.16)

for f(↵,�) = 0.1 � 1. We will therefore adopt the bounds from Br(Bs ! Xs�) on the

charged scalar mass in two Higgs doublet models for tan� & 2, considering values within

a 3� band in order to account for uncertainties of higher order corrections not included in

the theoretical computation [44, 45],

MH± & 358 (480)GeV @99%(95%) CL . (5.17)

5.2 Flavor Violating Top Decays

We consider the flavor violating decays of the top quark t ! hc and t ! hu. In contrast

to the SM, in which flavor violating top quark decays are loop suppressed, in our model

the top quark has tree-level couplings to the light Higgs and other up-type flavors. The

corresponding branching ratios Br(t ! h c) ⇡ 3 ⇥ 10�15 and Br(t ! hu) ⇡ 2 ⇥ 10�17 are

tiny in the SM [46]. In our model the branching fraction of the top decaying to higgs and

charm is given by [47]

Br(t ! h c) =
2(m2

t �m2
h)

2m2
W

g2(m2
t �m2

W )2 (m2
t + 2m2

W )2

✓
|ghct|2 + |ghtc|2 +

4mtmc

m2
t �m2

h

Re [ghct ghtc]

◆
,

(5.18)

and similarly for Br(t ! hu) by replacing the appropriate flavor indices. Both branching

ratios are parametrically of the same order, because the flavor o↵-diagonal couplings in

equation (3.5) yield ghct ⇡ ghut / mt". In Figure 10 we show Br(t ! h c) plotted against
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Figure 10: The plot shows Br(t ! hc) vs. cos(� � ↵) for tan� = 3(4) in blue (green) as

well as the current exclusion limits for the 8 TeV LHC (solid red) and projected limits at

the high luminosity LHC (dashed red), respectively.
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Figure 13: Contours of � ⇥ Br(gg ! H ! hh) in picobarn for 8 TeV pp collisions and

two choices of the heavy Higgs masses, MH = MA = 300 GeV and MH = MA = 550 GeV.

The darker shaded area corresponds to the smaller values of � ⇥ Br.

We assumed for the total decay width

�H,tot = �(H ! WW ) + �(H ! ZZ) + �(H ! hh) + �(H ! bb̄) + �(H ! tt̄) ,

�A,tot = �(A ! hZ) + �(A ! bb̄) + �(A ! tt̄) , (6.4)

in which �(H ! tt̄) and �(A ! tt̄) only enter above the tt̄ threshold. We have neglected

the partial decay width to taus since the couplings in the lepton sector are not considered

in this work. We checked that such contributions to the total width are negliglible in

the interesting parameter region, if we assume tau couplings to the heavy scalars like in

a two Higgs doublet model of type II. Note that close to the decoupling limit such tau

contributions are also suppressed by the enhanced decay rate to bottom quarks in our

model, when comparing it to an analysis of a two Higgs doublet model of type II. This

situation can potentially change if we assume lepton masses and mixing to be explained

by a similar mechanism as described in this paper. A detailed consideration of such e↵ects

will be treated elsewhere [54].

In Figure 13 we present the contours of � ⇥ Br(gg ! H ! hh) in picobarn for 8

TeV proton-proton (pp) collisions in the cos��↵� tan� plane and two choices of the heavy

Higgs masses. We further assumed that MH = MA, since MA enters the coupling gHhh.

For c��↵ � 0 we observe two branches of contours with smaller �⇥Br. The branch which

peaks at zero corresponds to gHhh ⇠ c��↵. For the second branch, both the coupling

gHhh and Ht become minimal. The current experimental bound for MH = 300 GeV is

� ⇥ Br(gg ! H ! hh)exp  7 pb [58]. Thus a factor of 10 improvement in measurements

is necessary to reach the region of interest. For larger masses MH = MA the predictions

for � ⇥ Br(gg ! H ! hh) in Figure 13 are even slightly weaker.
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Figure 6: Left: observed and expected 95% CL upper limits for gluon fusion production of
a heavy Higgs boson H of mass 300 GeV as a function of parameters tan b and cos(b � a) of
the Type I (upper) and II (lower) 2HDM. The parameters determine the H production cross
section as well as the branching fractions B(H ! hh) and B(h ! WW⇤, ZZ⇤, tt, gg), which
are relevant to this search. Right: the sB(H ! hh) contours for Type I (upper) and II (lower)
2HDM adopted from Ref. [35]. The excluded regions are either below the open limit contours
or within the closed ones.

Table 8: The ten most sensitive search channels for t ! ch, along with the number of ob-
served (Obs.), expected SM background (Exp.), and expected signal (Sig.) events (assuming
B(t ! ch) = 1%). The three-lepton channels are taken from Ref. [9], have HT < 200 GeV and
do not contain a th. The stated uncertainties contain both systematic and statistical compo-
nents.

Channel Emiss
T (GeV) Nb Obs. Exp. Sig.

gg`

(50, 100) �1 1 2.3 ± 1.2 2.88 ± 0.39
(30, 50) �1 2 1.1 ± 0.6 2.16 ± 0.30
(0, 30) �1 2 2.1 ± 1.1 1.76 ± 0.24

(50, 100) 0 7 9.5 ± 4.4 2.22 ± 0.31
(100, •) �1 0 0.5 ± 0.4 0.92 ± 0.14
(100, •) 0 1 2.2 ± 1.0 0.94 ± 0.17

```
(OSSF1, below-Z)

(50, 100) �1 48 48 ± 23 9.5 ± 2.3
(0, 50) �1 34 42 ± 11 5.9 ± 1.2

```
(OSSF0)

(50, 100) �1 29 26 ± 13 5.9 ± 1.3
(0, 50) �1 29 23 ± 10 4.3 ± 1.1

To facilitate interpretations in broader contexts [36], we also provide limits on B(t ! ch) from
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In Figure 14 we show the contours of � ⇥ Br(gg ! A ! hZ) in picobarn for 8 TeV

pp collisions in the cos��↵� tan� plane and two choices of the heavy Higgs masses. Again

we have assumed MH = MA. The plot peaks very sharply at c��↵ = 0 since the coupling

gAhZ is proportional to c��↵. The production of the pseudoscalar A depends on tan�

alone. Thus we do not have a suppression for c��↵ > 0. The current experimental bound

for MA = 300 GeV is � ⇥ Br(gg ! A ! hZ)exp  1.5 pb [58]. Thus our region of interest

for tan� < 2.5 is under tension for MH = MA = 300 GeV. The experimental limits thus

suggest a mass of MA > 300 GeV. For larger values of MH = MA, � ⇥ Br(gg ! A ! hZ)

becomes significantly smaller. This will be an interesting channel for the high luminosity

LHC.

Both Figure 13 and 14 are very similar to the corresponding Figures for a generic two

Higgs doublet model [10, 58]. The reason is that their pattern mainly depends on the

structure of Ht and At as well as the couplings gHhh and gAhZ , respectively. Apart from

the couplings to bottom quarks, the couplings in our model correspond to the ones in the

two Higgs doublet model of type II. Couplings to bottom quarks enter only as corrections

in the production and the total width of H and A. However it should be stressed that

in contrast to the generic two Higgs doublet model we do not live close to the decoupling

limit c��↵ = 0, as discussed in Section 4.

Next we consider the decays H ! V V with V = W,Z. In particular we are interested

in � ⇥ Br(gg ! H ! V V )/� ⇥ Br(gg ! H ! V V )SM in order to compare our model to

existing bounds in [71]. In this notation � ⇥ Br(gg ! H ! V V )SM is the production and

MA = 300 GeV MA = 550 GeV
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Figure 14: Contours of � ⇥ Br(gg ! A ! hZ) in picobarn for 8 TeV pp collisions and

two choices of the heavy Higgs masses, MA = MH = 300 GeV and MA = MH = 550 GeV.

The darker shaded area corresponds to the smaller values of � ⇥ Br.
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Figure 7: Left: observed and expected 95% CL upper limits for gluon fusion production of an
A boson of mass 300 GeV as a function of parameters tan b and cos(b � a) of the Type I (upper)
and II (lower) 2HDM. The parameters determine the A production cross section as well as
the branching fractions B(A ! Zh) and B(h ! WW⇤, ZZ⇤, tt, gg) which are relevant to this
search. Right: the sB(A ! Zh) contours for Type I (upper) and II (lower) 2HDM adopted from
Ref. [35]. The excluded regions are below the open limit contours.
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Figure 8: Combined observed and expected 95% upper limits for gluon fusion production of
a heavy Higgs boson H and A of mass 300 GeV for Type I (left) and Type II (right) 2HDM
as a function of parameters tan b and cos(b � a). The parameters determine the H and A
production cross sections as well as the branching fractions B(H ! hh), B(A ! Zh), and
B(h ! WW⇤, ZZ⇤, tt, gg), which are relevant to this search.

individual Higgs boson decay modes. For this purpose, we assume the SM branching fraction
for the Higgs boson decay mode [37] under consideration, and ignore other decay modes. Ta-
ble 9 shows the results, illustrating the analysis sensitivity for the t ! ch decay in each of the
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Collider Searches for Heavy Higgses

The heavy Higgses cannot decouple!
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