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Why?

4D → 5D



Why not?

Crazier than a fermionic extra 
dimension?

4D → 5D



Why 4D?

4D → 5D



The flavor puzzle



Quark and Lepton 
mass hierarchy



Masses on a Log-scale



Why this structure?
    
Other dimensionless parameters of the SM:   

gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1,  

The SM flavor puzzle

YU ≈




6 · 10−6 −0.001 0.008 + 0.004i
1 · 10−6 0.004 −0.04 + 0.001

8 · 10−9 + 2 · 10−8i 0.0002 0.98





YD ≈ diag
�
2 · 10−5 0.0005 0.02

�

|θ| < 10−9



If                 , then the      don’t look crazy.

Log(SM flavor puzzle)

Y = e−∆ ∆

− log |YD| ≈ diag (11 8 4)

− log |YU | ≈




12 7 5
14 6 3
18 9 0







SM on thick brane & domain wall ⇒ chiral localization

Hierarchies w/o Symmetries

!

x5

"

Figure 2: Profile of the scalar domain wall field ! in the x5 dimension.
A chiral zero mode fermion is localized at the zero of !.

to a four dimensional chiral fermion stuck at the zero of ! [12]. A convenient

representation for the 4 ! 4 gamma matrices in five dimensions is

!i =

!

0 "i

"i 0

"

, i = 0..3 , !5 = "i

!

1 0
0 "1

"

. (1)

As it will be useful in the following sections, we record below the two di"erent

Lorentz invariant fermion bilinears in 5 dimensions

#̄1#2, #T
1 C5#2 (2)

where

C5 = !0!2!5 =

!

# 0
0 "#

"

in the Weyl basis. (3)

The first is the usual Dirac bilinear, while the second is the Majorana bilinear

which generalizes the familiar 4-dimensional expression, where instead of C5

we have C4 = !0!2.

The action for a five dimensional fermion # coupled to the background

scalar ! is then

S =
#

d4x dx5 #[i#$4 + i!5$5 + !(x5)]# . (4)

Here the coordinates of our 3+1 dimensions are represented by x whereas

the fifth coordinate is x5; five-dimensional fields are denoted with capital

5

of massive Dirac fermions. The shape of the wave function of the chiral

fermion is Gaussian, centered at x5 = 0. Note that coupling ! to !" would

have rendered "x5 |R, 0# normalizable and we would have instead localized a

massless right handed chiral fermion.

For clarity, let us write the full wave function of the massless chiral fermion

in the chiral basis

!(x, x5) =

!

"x5 |L, 0#!(x)
0

"

. (12)

2.2 Many chiral fermions

We can easily generalize Eq. (4) to the case of several fermion fields. We

simply couple all 5-d Dirac fields to the same scalar "

S =
#

d5x
$

i,j

!̄i[i $"5 + #"(x5) ! m]ij!j . (13)

Here we allowed for general Yukawa couplings #ij and also included masses

mij for the fermion fields. Mass terms for the five-dimensional fields are

allowed by all the symmetries and should therefore be present in the La-

grangian. In the case that we will eventually be interested in – the standard

model – the fermions carry gauge charges. This forces the couplings #ij

and mij to be block-diagonal, with mixing only between fields with identical

gauge quantum numbers. For simplicity we will set #ij = $ij in this paper,

then mij can be diagonalized with eigenvalues mi.

Finding the massless four-dimensional fields is completely analogous to

the single fermion case of the last section. Each 5-d fermion !i gives rise to a

single 4-d left chiral fermion. Again, the wave functions in the 5th coordinate

are Gaussian, but they are now centered around the zeros of " ! mi. In

the SHO approximation this is at xi
5 = mi/2µ2. Thus, at energies well

below µ the five-dimensional action above describes a set of non-interacting

four dimensional chiral fermions localized at di#erent 4-d “slices” in the 5th

dimension. Note that while the overall position of the massless fermions
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Quarks Leptons

thick wall

Figure 1: Profile of Standard Model fermion wave functions (vertical
axis) in the extra dimensions (horizontal axis). The fermions freely
propagate in 3+1 dimensions (not shown) and are “stuck” at di!erent
locations in the extra dimensions. The gauge and Higgs fields’ wave
functions occupy the whole width of the thick wall. Direct couplings
between the fermions are then suppressed by the exponentially small
overlap of their wave functions. If – as shown here – quarks and lep-
tons live on opposite ends of the wall profile protons become essentially
stable. The hierarchy of Yukawa couplings arises from order one (in
units of the fermion wave function width) distances between left and
right handed components of the fermions.

we will see that the long-distance 4-dimensional theory can naturally have

exponentially small Yukawa couplings, arising from the small overlap between

left- and right-handed fermion wave functions. Similarly, without imposing

any symmetries to protect against proton decay, the proton decay rate can be

exponentially suppressed to safety if the quarks and leptons are are localized

at di!erent ends of the wall !. We emphasize that there is nothing fine-tuned

about this from the point of view of the low-energy 4-dimensional theory;

all the exponentially small couplings are technically natural. However, our

examples violate the usual intuition that small couplings in a low-energy

theory must be explained by symmetries in the high-energy theory. Instead,
!Our approach to to the fermion mass hierarchy similar in spirit to the one in [7]. For

other approaches to suppressing Yukawa couplings and proton decay, see [6].
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Figure 1: Profile of Standard Model fermion wave functions (vertical
axis) in the extra dimensions (horizontal axis). The fermions freely
propagate in 3+1 dimensions (not shown) and are “stuck” at di!erent
locations in the extra dimensions. The gauge and Higgs fields’ wave
functions occupy the whole width of the thick wall. Direct couplings
between the fermions are then suppressed by the exponentially small
overlap of their wave functions. If – as shown here – quarks and lep-
tons live on opposite ends of the wall profile protons become essentially
stable. The hierarchy of Yukawa couplings arises from order one (in
units of the fermion wave function width) distances between left and
right handed components of the fermions.

we will see that the long-distance 4-dimensional theory can naturally have

exponentially small Yukawa couplings, arising from the small overlap between

left- and right-handed fermion wave functions. Similarly, without imposing

any symmetries to protect against proton decay, the proton decay rate can be

exponentially suppressed to safety if the quarks and leptons are are localized

at di!erent ends of the wall !. We emphasize that there is nothing fine-tuned

about this from the point of view of the low-energy 4-dimensional theory;

all the exponentially small couplings are technically natural. However, our

examples violate the usual intuition that small couplings in a low-energy

theory must be explained by symmetries in the high-energy theory. Instead,
!Our approach to to the fermion mass hierarchy similar in spirit to the one in [7]. For

other approaches to suppressing Yukawa couplings and proton decay, see [6].
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Figure 3: Yukawa coupling: the Gaussian wave functions of the
fermions l and ec overlap only in an exponentially small region, sup-
pressing the e!ective Yukawa coupling exponentially.

suppressed because the two fields are separated in space. The coupling is

then proportional to the exponentially small overlap of the wave functions.

Note that we did not impose any chiral symmetries in the fundamental

theory to obtain this result: the coupling ! can violate the electron chiral

symmetry by O(1). Even with chiral symmetry maximally broken in the

fundamental theory, we obtain an approximate chiral symmetry in the low

energy, 4-d e!ective theory.

3.2 Long live the proton

Proton decay places a very stringent constraint on most extensions of the

standard model. Unless a symmetry can be imposed to forbid either baryon

or lepton number violation, proton decay forces the scale of new physics to

be extremely high. In particular one might be tempted to conclude that

proton decay kills all attempts to lower the fundamental Planck scale M!

significantly beneath the GUT scale, unless continuous or discrete gauge

symmetries are invoked. We now show that these no-go theorems are very

elegantly evaded by separating wave functions in the extra dimensions. Con-

sider for simplicity a one-generation model in five dimensions where the stan-

dard model fermions are again localized in the x5 direction by coupling the

five-dimensional fields to the domain wall scalar ". Assume that all quark

fields are localized near x5 = 0 whereas the leptons are near x5 = r as de-
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allowed by all the symmetries and should therefore be present in the La-

grangian. In the case that we will eventually be interested in – the standard

model – the fermions carry gauge charges. This forces the couplings #ij

and mij to be block-diagonal, with mixing only between fields with identical

gauge quantum numbers. For simplicity we will set #ij = $ij in this paper,

then mij can be diagonalized with eigenvalues mi.

Finding the massless four-dimensional fields is completely analogous to

the single fermion case of the last section. Each 5-d fermion !i gives rise to a

single 4-d left chiral fermion. Again, the wave functions in the 5th coordinate

are Gaussian, but they are now centered around the zeros of " ! mi. In

the SHO approximation this is at xi
5 = mi/2µ2. Thus, at energies well

below µ the five-dimensional action above describes a set of non-interacting

four dimensional chiral fermions localized at di#erent 4-d “slices” in the 5th
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8

SM Yukawa couplings and proton decay. Since our exponential suppression

factors dominate any power suppression we will not keep track of the various

powers of scales which arise from matching 5-d to 4-d Lagrangians.

3.1 Yukawa couplings

In this section we apply our mechanism to generating hierarchical Yukawa

couplings in four dimensions. Concentrating on only one generation and the

lepton sector for the moment, we start with the five-dimensional fermion

fields with action

S =
!

d5x L̄[i !!5 + !(x5)]L + Ēc[i !!5 + !(x5) " m]Ec + "HLT C5E
c. (14)

where C5 was defined in Eq. (3). As discussed in the previous sections, we

find a left-handed massless fermions l from L localized at x5 = 0 and ec from

Ec localized at x5 = r # m/(2µ2). For simplicity, we will assume that the

Higgs is delocalized inside the wall. We now determine what e"ective four-

dimensional interactions between the light fields results from the Yukawa

coupling in eq. (14). To this end we expand L and Ec as in eq. (6) and

replace the Higgs field H by its lowest Kaluza-Klein mode which has an

x5-independent wave function. We obtain for the Yukawa coupling

SY uk =
!

d4x " h(x)l(x)ec(x)
!

dx5 #l(x5) #ec(x5) . (15)

Here #l(x5) and #ec(x5) are the zero-mode wave functions for the lepton

doublet and singlet respectively. #l is a Gaussian centered at x5 = 0 whereas

#ec is centered at x5 = r. The overlap of Gaussians is itself a Gaussian and

we find
!

dx5 #l(x5) #ec(x5) =

$
2µ$
$

!

dx5 e!µ2x2
5e!µ2(x5!r)2 = e!µ2r2/2 . (16)

This result is in agreement with the intuitive expectation from Figure 2.

Any coupling between the two chiral fermions is necessarily exponentially

10

Ψ =
�

ΨL

ΨR

�
=

�
ψ0

L
0

�
+ KK modes

Arkani-Hamed, Schmaltz



Quarks Leptons

thick wall

Figure 1: Profile of Standard Model fermion wave functions (vertical
axis) in the extra dimensions (horizontal axis). The fermions freely
propagate in 3+1 dimensions (not shown) and are “stuck” at di!erent
locations in the extra dimensions. The gauge and Higgs fields’ wave
functions occupy the whole width of the thick wall. Direct couplings
between the fermions are then suppressed by the exponentially small
overlap of their wave functions. If – as shown here – quarks and lep-
tons live on opposite ends of the wall profile protons become essentially
stable. The hierarchy of Yukawa couplings arises from order one (in
units of the fermion wave function width) distances between left and
right handed components of the fermions.

we will see that the long-distance 4-dimensional theory can naturally have

exponentially small Yukawa couplings, arising from the small overlap between

left- and right-handed fermion wave functions. Similarly, without imposing
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at di!erent ends of the wall !. We emphasize that there is nothing fine-tuned
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all the exponentially small couplings are technically natural. However, our

examples violate the usual intuition that small couplings in a low-energy

theory must be explained by symmetries in the high-energy theory. Instead,
!Our approach to to the fermion mass hierarchy similar in spirit to the one in [7]. For
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suppressed because the two fields are separated in space. The coupling is

then proportional to the exponentially small overlap of the wave functions.

Note that we did not impose any chiral symmetries in the fundamental

theory to obtain this result: the coupling ! can violate the electron chiral

symmetry by O(1). Even with chiral symmetry maximally broken in the

fundamental theory, we obtain an approximate chiral symmetry in the low

energy, 4-d e!ective theory.
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Proton decay places a very stringent constraint on most extensions of the

standard model. Unless a symmetry can be imposed to forbid either baryon

or lepton number violation, proton decay forces the scale of new physics to

be extremely high. In particular one might be tempted to conclude that

proton decay kills all attempts to lower the fundamental Planck scale M!

significantly beneath the GUT scale, unless continuous or discrete gauge

symmetries are invoked. We now show that these no-go theorems are very

elegantly evaded by separating wave functions in the extra dimensions. Con-

sider for simplicity a one-generation model in five dimensions where the stan-

dard model fermions are again localized in the x5 direction by coupling the

five-dimensional fields to the domain wall scalar ". Assume that all quark

fields are localized near x5 = 0 whereas the leptons are near x5 = r as de-
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!

x5

"

Figure 2: Profile of the scalar domain wall field ! in the x5 dimension.
A chiral zero mode fermion is localized at the zero of !.

to a four dimensional chiral fermion stuck at the zero of ! [12]. A convenient

representation for the 4 ! 4 gamma matrices in five dimensions is

!i =

!

0 "i

"i 0

"

, i = 0..3 , !5 = "i

!

1 0
0 "1

"

. (1)

As it will be useful in the following sections, we record below the two di"erent

Lorentz invariant fermion bilinears in 5 dimensions

#̄1#2, #T
1 C5#2 (2)

where

C5 = !0!2!5 =

!

# 0
0 "#

"

in the Weyl basis. (3)

The first is the usual Dirac bilinear, while the second is the Majorana bilinear

which generalizes the familiar 4-dimensional expression, where instead of C5

we have C4 = !0!2.

The action for a five dimensional fermion # coupled to the background

scalar ! is then

S =
#

d4x dx5 #[i#$4 + i!5$5 + !(x5)]# . (4)

Here the coordinates of our 3+1 dimensions are represented by x whereas

the fifth coordinate is x5; five-dimensional fields are denoted with capital

5

of massive Dirac fermions. The shape of the wave function of the chiral

fermion is Gaussian, centered at x5 = 0. Note that coupling ! to !" would

have rendered "x5 |R, 0# normalizable and we would have instead localized a

massless right handed chiral fermion.

For clarity, let us write the full wave function of the massless chiral fermion

in the chiral basis

!(x, x5) =

!

"x5 |L, 0#!(x)
0

"

. (12)

2.2 Many chiral fermions

We can easily generalize Eq. (4) to the case of several fermion fields. We

simply couple all 5-d Dirac fields to the same scalar "

S =
#

d5x
$

i,j

!̄i[i $"5 + #"(x5) ! m]ij!j . (13)

Here we allowed for general Yukawa couplings #ij and also included masses

mij for the fermion fields. Mass terms for the five-dimensional fields are

allowed by all the symmetries and should therefore be present in the La-

grangian. In the case that we will eventually be interested in – the standard

model – the fermions carry gauge charges. This forces the couplings #ij

and mij to be block-diagonal, with mixing only between fields with identical

gauge quantum numbers. For simplicity we will set #ij = $ij in this paper,

then mij can be diagonalized with eigenvalues mi.

Finding the massless four-dimensional fields is completely analogous to

the single fermion case of the last section. Each 5-d fermion !i gives rise to a

single 4-d left chiral fermion. Again, the wave functions in the 5th coordinate

are Gaussian, but they are now centered around the zeros of " ! mi. In

the SHO approximation this is at xi
5 = mi/2µ2. Thus, at energies well

below µ the five-dimensional action above describes a set of non-interacting

four dimensional chiral fermions localized at di#erent 4-d “slices” in the 5th

dimension. Note that while the overall position of the massless fermions

8

SM Yukawa couplings and proton decay. Since our exponential suppression

factors dominate any power suppression we will not keep track of the various

powers of scales which arise from matching 5-d to 4-d Lagrangians.

3.1 Yukawa couplings

In this section we apply our mechanism to generating hierarchical Yukawa

couplings in four dimensions. Concentrating on only one generation and the

lepton sector for the moment, we start with the five-dimensional fermion

fields with action

S =
!

d5x L̄[i !!5 + !(x5)]L + Ēc[i !!5 + !(x5) " m]Ec + "HLT C5E
c. (14)

where C5 was defined in Eq. (3). As discussed in the previous sections, we

find a left-handed massless fermions l from L localized at x5 = 0 and ec from

Ec localized at x5 = r # m/(2µ2). For simplicity, we will assume that the

Higgs is delocalized inside the wall. We now determine what e"ective four-

dimensional interactions between the light fields results from the Yukawa

coupling in eq. (14). To this end we expand L and Ec as in eq. (6) and

replace the Higgs field H by its lowest Kaluza-Klein mode which has an

x5-independent wave function. We obtain for the Yukawa coupling

SY uk =
!

d4x " h(x)l(x)ec(x)
!

dx5 #l(x5) #ec(x5) . (15)

Here #l(x5) and #ec(x5) are the zero-mode wave functions for the lepton

doublet and singlet respectively. #l is a Gaussian centered at x5 = 0 whereas

#ec is centered at x5 = r. The overlap of Gaussians is itself a Gaussian and

we find
!

dx5 #l(x5) #ec(x5) =

$
2µ$
$

!

dx5 e!µ2x2
5e!µ2(x5!r)2 = e!µ2r2/2 . (16)

This result is in agreement with the intuitive expectation from Figure 2.

Any coupling between the two chiral fermions is necessarily exponentially
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Quarks Leptons

thick wall

Figure 1: Profile of Standard Model fermion wave functions (vertical
axis) in the extra dimensions (horizontal axis). The fermions freely
propagate in 3+1 dimensions (not shown) and are “stuck” at di!erent
locations in the extra dimensions. The gauge and Higgs fields’ wave
functions occupy the whole width of the thick wall. Direct couplings
between the fermions are then suppressed by the exponentially small
overlap of their wave functions. If – as shown here – quarks and lep-
tons live on opposite ends of the wall profile protons become essentially
stable. The hierarchy of Yukawa couplings arises from order one (in
units of the fermion wave function width) distances between left and
right handed components of the fermions.

we will see that the long-distance 4-dimensional theory can naturally have

exponentially small Yukawa couplings, arising from the small overlap between

left- and right-handed fermion wave functions. Similarly, without imposing

any symmetries to protect against proton decay, the proton decay rate can be

exponentially suppressed to safety if the quarks and leptons are are localized

at di!erent ends of the wall !. We emphasize that there is nothing fine-tuned

about this from the point of view of the low-energy 4-dimensional theory;

all the exponentially small couplings are technically natural. However, our

examples violate the usual intuition that small couplings in a low-energy

theory must be explained by symmetries in the high-energy theory. Instead,
!Our approach to to the fermion mass hierarchy similar in spirit to the one in [7]. For

other approaches to suppressing Yukawa couplings and proton decay, see [6].

2

hl ec
r

Figure 3: Yukawa coupling: the Gaussian wave functions of the
fermions l and ec overlap only in an exponentially small region, sup-
pressing the e!ective Yukawa coupling exponentially.

suppressed because the two fields are separated in space. The coupling is

then proportional to the exponentially small overlap of the wave functions.

Note that we did not impose any chiral symmetries in the fundamental

theory to obtain this result: the coupling ! can violate the electron chiral

symmetry by O(1). Even with chiral symmetry maximally broken in the

fundamental theory, we obtain an approximate chiral symmetry in the low

energy, 4-d e!ective theory.

3.2 Long live the proton

Proton decay places a very stringent constraint on most extensions of the

standard model. Unless a symmetry can be imposed to forbid either baryon

or lepton number violation, proton decay forces the scale of new physics to

be extremely high. In particular one might be tempted to conclude that

proton decay kills all attempts to lower the fundamental Planck scale M!

significantly beneath the GUT scale, unless continuous or discrete gauge

symmetries are invoked. We now show that these no-go theorems are very

elegantly evaded by separating wave functions in the extra dimensions. Con-

sider for simplicity a one-generation model in five dimensions where the stan-

dard model fermions are again localized in the x5 direction by coupling the

five-dimensional fields to the domain wall scalar ". Assume that all quark

fields are localized near x5 = 0 whereas the leptons are near x5 = r as de-
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Figure 2: Profile of the scalar domain wall field ! in the x5 dimension.
A chiral zero mode fermion is localized at the zero of !.

to a four dimensional chiral fermion stuck at the zero of ! [12]. A convenient

representation for the 4 ! 4 gamma matrices in five dimensions is

!i =

!

0 "i

"i 0

"

, i = 0..3 , !5 = "i

!

1 0
0 "1

"

. (1)

As it will be useful in the following sections, we record below the two di"erent

Lorentz invariant fermion bilinears in 5 dimensions

#̄1#2, #T
1 C5#2 (2)

where

C5 = !0!2!5 =

!

# 0
0 "#

"

in the Weyl basis. (3)

The first is the usual Dirac bilinear, while the second is the Majorana bilinear

which generalizes the familiar 4-dimensional expression, where instead of C5

we have C4 = !0!2.

The action for a five dimensional fermion # coupled to the background

scalar ! is then

S =
#

d4x dx5 #[i#$4 + i!5$5 + !(x5)]# . (4)

Here the coordinates of our 3+1 dimensions are represented by x whereas

the fifth coordinate is x5; five-dimensional fields are denoted with capital

5

of massive Dirac fermions. The shape of the wave function of the chiral

fermion is Gaussian, centered at x5 = 0. Note that coupling ! to !" would

have rendered "x5 |R, 0# normalizable and we would have instead localized a

massless right handed chiral fermion.

For clarity, let us write the full wave function of the massless chiral fermion

in the chiral basis

!(x, x5) =

!

"x5 |L, 0#!(x)
0

"

. (12)

2.2 Many chiral fermions

We can easily generalize Eq. (4) to the case of several fermion fields. We

simply couple all 5-d Dirac fields to the same scalar "

S =
#

d5x
$

i,j

!̄i[i $"5 + #"(x5) ! m]ij!j . (13)

Here we allowed for general Yukawa couplings #ij and also included masses

mij for the fermion fields. Mass terms for the five-dimensional fields are

allowed by all the symmetries and should therefore be present in the La-

grangian. In the case that we will eventually be interested in – the standard

model – the fermions carry gauge charges. This forces the couplings #ij

and mij to be block-diagonal, with mixing only between fields with identical

gauge quantum numbers. For simplicity we will set #ij = $ij in this paper,

then mij can be diagonalized with eigenvalues mi.

Finding the massless four-dimensional fields is completely analogous to

the single fermion case of the last section. Each 5-d fermion !i gives rise to a

single 4-d left chiral fermion. Again, the wave functions in the 5th coordinate

are Gaussian, but they are now centered around the zeros of " ! mi. In

the SHO approximation this is at xi
5 = mi/2µ2. Thus, at energies well

below µ the five-dimensional action above describes a set of non-interacting

four dimensional chiral fermions localized at di#erent 4-d “slices” in the 5th

dimension. Note that while the overall position of the massless fermions

8

SM Yukawa couplings and proton decay. Since our exponential suppression

factors dominate any power suppression we will not keep track of the various

powers of scales which arise from matching 5-d to 4-d Lagrangians.

3.1 Yukawa couplings

In this section we apply our mechanism to generating hierarchical Yukawa

couplings in four dimensions. Concentrating on only one generation and the

lepton sector for the moment, we start with the five-dimensional fermion

fields with action

S =
!

d5x L̄[i !!5 + !(x5)]L + Ēc[i !!5 + !(x5) " m]Ec + "HLT C5E
c. (14)

where C5 was defined in Eq. (3). As discussed in the previous sections, we

find a left-handed massless fermions l from L localized at x5 = 0 and ec from

Ec localized at x5 = r # m/(2µ2). For simplicity, we will assume that the

Higgs is delocalized inside the wall. We now determine what e"ective four-

dimensional interactions between the light fields results from the Yukawa

coupling in eq. (14). To this end we expand L and Ec as in eq. (6) and

replace the Higgs field H by its lowest Kaluza-Klein mode which has an

x5-independent wave function. We obtain for the Yukawa coupling

SY uk =
!

d4x " h(x)l(x)ec(x)
!

dx5 #l(x5) #ec(x5) . (15)

Here #l(x5) and #ec(x5) are the zero-mode wave functions for the lepton

doublet and singlet respectively. #l is a Gaussian centered at x5 = 0 whereas

#ec is centered at x5 = r. The overlap of Gaussians is itself a Gaussian and

we find
!

dx5 #l(x5) #ec(x5) =

$
2µ$
$

!

dx5 e!µ2x2
5e!µ2(x5!r)2 = e!µ2r2/2 . (16)

This result is in agreement with the intuitive expectation from Figure 2.

Any coupling between the two chiral fermions is necessarily exponentially

10

Ψ =
�

ΨL

ΨR

�
=

�
ψ0

L
0

�
+ KK modes

Log(flavor hierarchy)!

Arkani-Hamed, Schmaltz



New sources for FCNCs

light heavy

flat 5D bulk

Higgs
0 5 10 15 20 25 30 35

Delgado, Pomarol, Quiros ’99



New sources for FCNCs

light heavy

flat 5D bulk

Higgs
0 5 10 15 20 25 30 35

1st KK mode

Delgado, Pomarol, Quiros ’99



New sources for FCNCs

light heavy

flat 5D bulk

Higgs
0 5 10 15 20 25 30 35

1st KK mode

Fermion-KK overlap non-universal: 
induces FCNCs among light fermions
   ⇒ MKK ~ 1/R > 5000 TeV

Delgado, Pomarol, Quiros ’99



Even with flat wave-functions for all fermions
(and the higgs) remains a conceptual problem.

Calculable contributions are MFV, but… 

Universal extra dimensions
The contributions from di!erent sets of diagrams to the functions F (xi(n), xj(n)) are collected

in appendix B. It turns out that the contribution from the pair (a±(n), a
±
(n)) is by far dominant.

We illustrate this in fig. 2 (a). In phenomenological applications it is more useful to work with

the variables xt and xn than with xi(n). We find

Sn(xt, xn) =
1

4(xt ! 1)3xt

!

6xnxt ! 5x2
t ! 12xnx2

t + 15x3
t + 10xnx3

t ! 11x4
t ! 4xnx4

t + x5
t

! 2xn(xt ! 1)3(3xn + 3xnxt ! xt) ln
xn

1 + xn
+

"

! 6x2
n + 2xnxt + 12x2

nxt

! 6xnx2
t ! 2x3

t + 14xnx3
t ! 2x2

nx3
t + 6x4

t ! 2xnx4
t

#

ln
xt + xn

1 + xn

$

.

(3.10)

In fig. 2 (b) we plot S(xt, 1/R) versus 1/R. For 1/R = 200 GeV we observe a 17% enhancement

of the function S with respect to its SM value given by S0(xt). For 1/R = 250GeV this

enhancement decreases to 11% and it is only 4% for 1/R = 400GeV.

(a) (b)

Figure 2: (a) Contribution Sn of the nth KK mode to S(xt, 1/R). The contributions with a± dominate,

those with only G± and W± are negligible and not shown. (b) The functions S(xt, 1/R) and S0(xt).

Proceeding as in the SM, we can calculate the mass di!erences "Mq by means of

"Mq =
G2

F

6!2
"BmBq(B̂BqF

2
Bq

)M2
W S(xt, 1/R)|Vtq |2, (3.11)

where FBq is the Bq-meson decay constant and B̂q the renormalization group invariant parameter

related to the hadronic matrix element of the operator Q("B = 2), see [25] for details. This
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Bound on minimal universal extra dimensions from B̄ ! Xs!

Ulrich Haisch1 and Andreas Weiler2
1Institut für Theoretische Physik, Universität Zürich, CH-8057 Zürich, Switzerland

2Institute for High-Energy Phenomenology Newman Laboratory for
Elementary-Particle Physics, Cornell University Ithaca, NY 14853, U.S.A.

(Dated: February 2, 2008)

We reexamine the constraints on universal extra dimensional models arising from the inclusive
radiative B̄ ! Xs! decay. We take into account the leading order contributions due to the exchange
of Kaluza-Klein modes as well as the available next-to-next-to-leading order corrections to the
B̄ ! Xs! branching ratio in the standard model. For the case of one large flat universal extra
dimension, we obtain a lower bound on the inverse compactification radius 1/R > 600 GeV at 95%
confidence level that is independent of the Higgs mass.

PACS numbers: 12.15.Lk, 12.60.-i, 13.25.Hw

The branching ratio of the inclusive radiative B̄-meson
decay is known to provide stringent constraints on vari-
ous non-standard physics models at the electroweak scale,
because it is accurately measured and its theoretical de-
termination is rather precise.

The present experimental world average which includes
the latest measurements by CLEO [1], Belle [2], and
BaBar [3] is performed by the Heavy Flavor Averaging
Group [4] and reads for a photon energy cut of E! > E0

with E0 = 1.6 GeV in the B̄-meson rest-frame

B(B̄ ! Xs!)exp = (3.55± 0.24+0.09
!0.10± 0.03)" 10!4 . (1)

Here the first error is a combined statistical and sys-
tematic one, while the second and third are system-
atic uncertainties due to the extrapolation from E0 =
(1.8 # 2.0)GeV to the reference value and the subtrac-
tion of the B̄ ! Xd! event fraction, respectively.

After a joint e!ort [5, 6, 7], the first theoretical deter-
mination of the total B̄ ! Xs! branching ratio at next-
to-next-to-leading order (NNLO) QCD has been pre-
sented recently in [6, 8]. In [9] this fixed-order result has
been supplemented with perturbative cut-related O("2

s)
corrections [10] and an estimate of enhanced "QCD/mb

non-local power corrections using the vacuum insertion
approximation [11]. For E0 = 1.6 GeV the result of the
improved standard model (SM) evaluation is given by
[29]

B(B̄ ! Xs!)SM = (2.98 ± 0.26)" 10!4 , (2)

where the uncertainties from higher-order perturbative
e!ects (+4

!6%), hadronic power corrections (±5%), para-
metric dependencies (±4%), and the interpolation in the
charm quark mass (±3%) have been added in quadrature
to obtain the total error.

Compared with the experimental world average of
Eq. (1), the new SM prediction of Eq. (2) is lower by
around 1.4#. Potential beyond SM contributions should
now be preferably constructive, while models that lead to
a suppression of the b ! s! amplitude are more severely
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FIG. 1: B(B̄ ! Xs!) for E0 = 1.6 GeV as a function of 1/R.
The red (dark gray) band corresponds to the LO mUED result.
The 68% CL range and central value of the experimental/SM
result is indicated by the yellow/green (light/medium gray) band
underlying the straight solid line. See text for details.

constrained than in the past, where the theoretical de-
termination used to be above the experimental one.

Among the scenarios of the latter category is the model
of Appelquist, Cheng, and Dobrescu (ACD) [13] as em-
phasized in [14, 15]. In the ACD framework the SM
is extended from four-dimensional Minkowski space-time
to five dimensions and the extra space dimension is com-
pactified on the orbifold S1/Z2 in order to obtain chiral
fermions in four dimensions. The five-dimensional fields
can equivalently be described in a four-dimensional La-
grangian with heavy Kaluza-Klein (KK) states for every
field that lives in the fifth dimension or bulk. In the
ACD model all SM fields are promoted to the bulk. The
orbifold compactification breaks KK number conserva-
tion, but preserves KK-parity. This property implies,
that KK states can only be pair-produced, that their vir-
tual e!ect comes only from loops, and causes the lightest
KK particle (LKP) to be stable, therefore providing a
viable dark matter (DM) candidate [16] with promising

Agashe, Deshpande; Buras, Spranger, W

Cheng, Matchev, Schmaltz
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From flat to warped ED



ds2 = dxµdxν − dy2

ds2 =
�

R

z

�2 �
dxµdxν − dz2

�
.

↓
Randall, Sundrum



ds2 = dxµdxν − dy2

ds2 =
�

R

z

�2 �
dxµdxν − dz2

�
.

↓

✓ solution to the hierarchy problem
✓ AdS/CFT description: reappraisal of strong EW 
symmetry breaking (composite Higgs, technicolor,…)
✓ high scale unification, log running of gauge couplings

Randall, Sundrum
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Excursion into AdS/CFT

Why are FCNCs protected?



Text

Anti-de-Sitter (AdS)                       Conformal (CFT)

Compactification                            Mass gap 

Red-shifting of scales                       Dimensional trans-
                                                    mutation

AdS/CFT (popular science realization)

ds2 =
�

R

z

�2 �
dxµdxν − dz2

�
.

mW ∼ e−4π/αMPmW =

�
g(IR)
g(UV )

MP �MP

UV

IR
mW

MP

Randall, Sundrum



Two ways of giving mass to fermions… 

Bi-linear :

Linear :

L = yfLOR + yRfROL + mOLOR, OR ∼ (3, 2) 1
6

L = yfLOHfR, OH ∼ (1, 2) 1
2

D.B. Kaplan ’91



|SM� = cos φ|elem.� + sinφ|comp.�

|heavy� = − sin φ|elem.�+ cos φ|comp.�

L = Lelem(gelem) + Lcomp(g∗) + Lmix

1 <∼ g∗ <∼ 4π

Partial compositeness

Contino,Kramer, Son, Sundrum 



1) Linear coupling of SM fields to composites

2) Strong sector conformal over large energy range

µ
dλ

dµ
= γλ γ = dim[OR] + 3/2− 4

LUV ⊃ λŌRψL

λ ∼
�

TeV
MPl

�γ

γ = c− 1
2

AdS/CFT translation:

Contino, Pomarol



|SM� = cos φ|elem.� + sinφ|comp.�

|heavy� = − sin φ|elem.�+ cos φ|comp.�

L = Lelem(gelem) + Lcomp(g∗) + Lmix

1 <∼ g∗ <∼ 4π

Partial compositeness

Degree of compositeness: sin φ = F (c) ∼
�

TeV
Mpl

�c− 1
2



Structure of the mass matrix 

Yu , Yd ~ O(1) & anarchic and                 for i < j.

 Fermion zero mode on the IR brane  

         

mSM
u =

v√
2
FqYuFu,

mSM
d =

v√
2
FqYdFd

F (c) ∼
�

(TeV/Planck)c− 1
2 c > 1/2√

1− 2c c < 1/2

Fi � Fj

Meanwhile in the Extra-Dimension



Hierarchical mass eigenvalues (6 conditions)

and hierarchical mixing angles (2 conditions)

check Cabibbo:                                                                                   
                                                                       

FQ1/FQ3 ∼ θ13 ∼ λ3

FQ2/FQ3 ∼ θ23 ∼ λ2

θ12 ∼ FQ1/FQ2 ∼ FQ1/FQ3 · FQ3/FQ2 ∼ λ

Match SM spectrum and VCKM

✔

(mu,d)ii ∼
v√
2
FQiYu,dFui,di Fq =

�
F

Λ

�q



Flavor hierarchy from hierarchy in Fi
FdL

FdR

~(g*/Mkk)2  FdL FsL FdR FsR 

~(g*/Mkk)2  md ms / (<H> Y*)

RS GIM - partial compositeness

Y*
md ∼ v FdLY ∗FdR

Gherghetta, Pomarol; Huber;Agashe, Perez, Soni; 
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~(g*/Mkk)2  FdL FsL FdR FsR 

~(g*/Mkk)2  md ms / (<H> Y*)

RS GIM - partial compositeness

Y*
md ∼ v FdLY ∗FdR

KK gluon FCNCs proportional to
the same small Fi :

∼ (g∗)2

M2
KK

FdLFdRFsLFsR

∼ (g∗)2

M2
KK

md ms

(vY ∗)2

KK gluonFdL FdR

FsL FsR

g* g*

Gherghetta, Pomarol; Huber;Agashe, Perez, Soni; 



Light Higgs-like scalar arises as a bound state from a 
strongly-interacting EWSB sector

Motivations:
• A composite Higgs solves the 
   hierarchy problem
• A light Higgs is preferred by the 
   electroweak fit

A light composite Higgs can naturally 
arise as a (pseudo) Goldstone boson
Brane/bulk scalar in RS ≡ 4Dcomposite Higgs.

RS vs. Composite Higgs
It is also possible that a light Higgs-like scalar arises as 

a bound state from a strongly-interacting EWSB sector

strong

sector
Aµ 

━━━━!

h
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Motivations:

• A composite Higgs solves the 
hierarchy problem

• A light Higgs is preferred by the 
electroweak fit

A light composite Higgs can naturally 
arise as a (pseudo) Goldstone boson
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The Composite Higgs

Georgi, Kaplan



Further constraints from compositeness of Higgs

FCNCs from composite Higgs
Agashe, Contino; Azatov, Toharia, Zhu

YdQ̄LHdR +
Ỹ

d

Λ2
Q̄LHdR(H†

H) +
Z̃

Λ2
Q̄L i �D QL(H†

H) + . . .
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Ỹ

d

Λ2
Q̄LHdR(H†

H) +
Z̃

Λ2
Q̄L i �D QL(H†

H) + . . .

Md = vY d −
�
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Further constraints from compositeness of Higgs

FCNCs from composite Higgs
Agashe, Contino; Azatov, Toharia, Zhu
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Ỹ

d

Λ2
Q̄LHdR(H†

H) +
Z̃

Λ2
Q̄L i �D QL(H†

H) + . . .

↯ FCNCs
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FIG. 5: Generic bounds in the plane (mh, MKKG1 ) coming from !K due to tree level Higgs exchange, where mh is the Higgs
boson mass and MKKG1 is the mass of the first excited KK gluon. We perform a scan over 5D Yukawa matrices (such that
|Y ij

5D| ! [0.3, 3] (left panel) and |Y ij
5D| ! [1, 4] (right panel)) and over fermion bulk c-parameters. In the scan, we choose

Y 5D
1 = Y 5D

2 and take the " " # limit (the result has only a mild dependence on "). The 25% quantile and 75% quantile
curves trace the points in this plane where 25% and 75% of the randomly generated parameter points are safe from Higgs
mediated FCNC’s (and are otherwise in agreement with the rest of experimental constraints in the scenario). The “estimate”
curve is based on the expected size of Higgs flavor violating couplings (see Eqs. (80) and (81)) for the chosen range of the 5D
Yukawas.

previous bounds as
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where we compare the aij elements with their estimated values, for a fixed average Yukawa coupling Ȳ = 2 and KK
scale given by 1/R! = 1500 GeV (see formulae for the estimates from Eqs. (80) and (81) ). We also choose to compare
the Higgs mass with a nominal value of mh = 350 GeV. We can see that the bound on ImC4

K coming from !K gives
the strongest constraint on the Higgs mass. Specifically, we have

mh ># 350 GeV for Im(ad
21a

d
12) = (0.04 " 0.032) (106)

for a fixed KK scale of 1/R! = 1.5 TeV and average 5D Yukawa of Ȳ5D = 2.
In Fig.5, we show the results of our numerical scan by plotting the bounds coming from !K in the (mh-MKKG)

plane, where MKKG $ 2.45R!"1 is the mass of the first KK gluon. In the left panel we show results for the case
|Y 5D

ij | % [0.3, 3], and in the right panel we show results for the case |Y 5D
ij | % [1, 4]. It can be seen quite clearly that

a larger 5D Yukawa coupling leads to a higher bound on the KK scale. Note that the bounds coming from KK
gluon exchange are inversely proportional to the size of the 5D Yukawa couplings Ȳ5D. This leads to an interesting
observation

• The new contribution to !K coming from Higgs exchange has opposite dependence on the 5D Yukawa coupling
as that of KK gluon exchange. Thus, increasing the overall size of Y5D will alleviate pressure from KK gluon
exchange but, as we have seen, this will also enhance the e!ect of Higgs mediated FCNC’s.

With the chosen Ȳ5D (# 2), we can see that for the region of parameter space with MKKG # 3 TeV (accessible at the
LHC), a Higgs mass mh < 400 GeV is disfavored. On the other hand, if a light (< 150 GeV) Higgs is found in the
LHC, we should expect sizable new physics contributions to "F = 2 processes, just below current bounds.

Toharia, Zhu



Q̄LH

�
Y

d + Ỹ
d H

†
H

Λ2
+ · · ·

�
dR −→ ψ̄

i
LPij(Σ)ψj

R

If composite Higgs is not just ordinary bound state
but pGB associated with G→H in strong sector

Constraints are less severe (only from kinetic
terms, suppressed by small quark masses).

Agashe, Contino 



              (strongest constraint from      )

                           

              (strongest constraint from         ) 

FCNCs assuming anarchy

K K̄ C4(M∗) ∼
1

M2
∗

2mdms

v2

�
g∗
Y∗

�2

M∗ >∼ 10
�

g∗
Y∗

�
TeV

!
b s

γ

h

�K

∆F = 1

∆F = 2

Combined constraints strong ⇒ flavor problem w/ anarchy

Csaki, Falkowski, W; Buras et al; Casagrande et al

M∗ >∼ 1.3 Y∗ TeV

��/�



Without the Yukawas SM has  

global flavor symmetry.

In RS broken by        Yu* , Yd*  +  FQ , Fd , Fu

No dangerous FCNCs in the down sector if 

Yd*  +  FQ , Fd  aligned (diagonal in the same basis)

Spurion analysis

SU(3)QL × SU(3)uR × SU(3)dR



FQ

Anarchy
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LQj
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YUY †
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YDY †
D

VCKM

Y †
DYD

Y †
UYU

(d̄i
Rdj
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Ruj
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Fu

+ LR, RL
Fd



FQ

Align down sector

(Q̄i
LQj

L)
YUY †

U

YDY †
D

VCKM

Y †
DYD

Y †
UYU

(d̄i
Rdj

R)

(ūi
Ruj

R)

anarchic

+ LR, RL

Fd

similar to Nir, Seiberg ’93 for MSSM



Aligning 5D MFV
Fitzpatrick, Randall, Perez; Csaki, Perez, Surujon,A.W.,

cQ ∼ YdY
†
d + �YuY †

u cd ∼ Y †
d Yd cu ∼ Y †

u Yu

SU(3)3 flavor symmetry broken by Yukawas only

Need ε ≪ 1 to align FQ , Fd , and Yd



Aligning 5D MFV
Fitzpatrick, Randall, Perez;
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 Csaki, Perez, Surujon,A.W.,

�→ 0
                               
Need          
⇒ symmetry ?

Scan 5D CKM and test suppression C4MFV /  C4,RS

Keep ε = 0.2 fixed.



In the bulk: gauged SU(3)Q x SU(3)d flavor 

Flavor broken by vev of  Yukawa field Y*d only 

UV breaking ‘shines’ into the bulk via marginal 
operator

Φd : (3,1,3),   <Φd> = Y*d (z/R)-ε

Big effects in up-FCNCs expected.

Alignment due to shining

F (cQ) = F (Y∗dY∗d
†), F (cd) = F (Y∗d

†Y∗d)

 Csaki, Perez, Surujon,A.W.

Rattazzi, Zafaroni



A theory of flavor at the 
LHC?



In Rattazzi-Zaffaroni model: dynamical MFV

Flavor gauge boson FCNCs

!!" !!" !!"!!"

K K

1.2 The full answer via GB diagonalization: GMFV

Before we have considered the general expression of the ∆F = 2 FCNC 4-Fermi operators

in the mass insertion approximation, which is valid only if g∗yt � MKKR� ≈ 2.4. Since the

approximate result has shown that g∗ can be of order one, it is necessary to consider the

full expressions for the ∆F = 2 operators. We will work in the limit where all but the top

Yukawa coupling can be neglected. We will also neglect effects due to Au
, and focus only on

the contribution of the AQ
gauge boson. In the limit we are considering all flavor violation

is due to the φu VEV that gives rise to AQ
masses. Since we are turning off the SU(3)u

symmetry, the SU(3)Q is broken to SU(2) by the large VEV in the third component of the

φu field. The gauge boson mass matrix (in the up basis, where φu ≈ R− 3
2 diag(0, 0, yt)) is

given by

Lmass = M2
KKTr[AQAQ] +

4g2
Q∗R

3

3R�2 Tr[φuAQAQφu]. (1.13)

From this five AQ
gauge bosons pick up an additional mass, while three do not (since this

corresponds to an SU(3)→SU(2) breaking). We are of course assuming that the boundary

conditions are providing a common mass of MKK for all the AQ
gauge bosons. To obtain the

down-type FCNC’s one needs to diagonalize the down mass matrix, which from the left is

achieved via a rotation with VCKM (since we started in a basis where φu was diagonal). The

corresponding rotation among the gauge bosons is then given by the matrix R, A�a
µ = RabAb

µ,

with

Rab
= 2 Tr[T aV T bV †

]. (1.14)

The four-fermi operators (for example in the dL sector) are then obtained from
1

1

2
g2

Q∗(d̄LγµT adL)(d̄LγµT
ddL)(R†

)
ab

�
1

M2
GB

�bc

Rcd. (1.15)

where the T a
are matrices in flavor space. We obtain

1

M2
KK

2 g6
Q∗y

4
t

27 (MKKR�)4 + 42 (gQ∗yt)
2 (MKKR�)2 + 16 (gQ∗yt)

4

�
(V †Y 2

u V )ij

�2
(d̄iγ

µ
Ldj)(d̄iγ

µ
Ldj)

(1.16)

We see that for gQ∗yt � MKKR�
we reproduce the result in (1.11) calculated using mass-

insertions. Comparing to the model-independent MFV bound as before, we find that values

up to gQ∗ ∼ 3.7 are allowed.

References

[1] M. Bona et al. [UTfit Collaboration], JHEP 0803 (2008) 049 [arXiv:0707.0636 [hep-ph]].

[2] A. L. Kagan, G. Perez, T. Volansky and J. Zupan, Phys. Rev. D 80, 076002 (2009)

[arXiv:0903.1794 [hep-ph]].

1
The overall factor of

1
2 is needed because both s and t channel diagrams contribute (×2) and the matching

to the effective Hamiltonian results in (× 1
2!2! ).

4

1.2 The full answer via GB diagonalization: GMFV

Before we have considered the general expression of the ∆F = 2 FCNC 4-Fermi operators

in the mass insertion approximation, which is valid only if g∗yt � MKKR� ≈ 2.4. Since the

approximate result has shown that g∗ can be of order one, it is necessary to consider the

full expressions for the ∆F = 2 operators. We will work in the limit where all but the top

Yukawa coupling can be neglected. We will also neglect effects due to Au
, and focus only on

the contribution of the AQ
gauge boson. In the limit we are considering all flavor violation

is due to the φu VEV that gives rise to AQ
masses. Since we are turning off the SU(3)u

symmetry, the SU(3)Q is broken to SU(2) by the large VEV in the third component of the

φu field. The gauge boson mass matrix (in the up basis, where φu ≈ R− 3
2 diag(0, 0, yt)) is

given by

Lmass = M2
KKTr[AQAQ] +

4g2
Q∗R

3

3R�2 Tr[φuAQAQφu]. (1.13)

From this five AQ
gauge bosons pick up an additional mass, while three do not (since this

corresponds to an SU(3)→SU(2) breaking). We are of course assuming that the boundary

conditions are providing a common mass of MKK for all the AQ
gauge bosons. To obtain the

down-type FCNC’s one needs to diagonalize the down mass matrix, which from the left is

achieved via a rotation with VCKM (since we started in a basis where φu was diagonal). The

corresponding rotation among the gauge bosons is then given by the matrix R, A�a
µ = RabAb

µ,

with

Rab
= 2 Tr[T aV T bV †

]. (1.14)

The four-fermi operators (for example in the dL sector) are then obtained from
1

1

2
g2

Q∗(d̄LγµT adL)(d̄LγµT
ddL)(R†

)
ab

�
1

M2
GB

�bc

Rcd. (1.15)

where the T a
are matrices in flavor space. We obtain

1

M2
KK

2 g6
Q∗y

4
t

27 (MKKR�)4 + 42 (gQ∗yt)
2 (MKKR�)2 + 16 (gQ∗yt)

4

�
(V †Y 2

u V )ij

�2
(d̄iγ

µ
Ldj)(d̄iγ

µ
Ldj)

(1.16)

We see that for gQ∗yt � MKKR�
we reproduce the result in (1.11) calculated using mass-

insertions. Comparing to the model-independent MFV bound as before, we find that values

up to gQ∗ ∼ 3.7 are allowed.

References

[1] M. Bona et al. [UTfit Collaboration], JHEP 0803 (2008) 049 [arXiv:0707.0636 [hep-ph]].

[2] A. L. Kagan, G. Perez, T. Volansky and J. Zupan, Phys. Rev. D 80, 076002 (2009)

[arXiv:0903.1794 [hep-ph]].

1
The overall factor of

1
2 is needed because both s and t channel diagrams contribute (×2) and the matching

to the effective Hamiltonian results in (× 1
2!2! ).

4

g* ~ 4 allowed

Csaki, Lee, Perez, AW in preparation



Flavor scalars & gauge bosons♦ The KK flavor gauge bosons & scalars might be 

observable.

Alignment, flavor at the LHC (preliminary!)

Csaki, Lee, GP & Weiler, preliminary.
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Conclusions



Extra dimensions allow new approaches to the flavor 
puzzle.

Warped flavor is a calculable realization of partial 
compositeness, a linear mixing with the composite 
sector.

RS-GIM suppresses dangerous FCNCs, tension with CPV 
in Kaon sector. Can decouple problems but decouple 
from LHC.

Anarchy alone needs tuning to survive, additional flavor 
structure indicated. 
Signal: large FCNCs in the up-sector (top FCNCs, D-D),
Flavor gauge bosons?






