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Spoiler!

At the end of the day, we are going to have a:

⋆ A fermionic DM candidate χ co-annihilating into the SM via the Higgs h
and a heavy scalar mediator S1
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Motivation

All this is going to come from a model accounting for

⋆ the hierarchy between MPlanck and the electroweak scale

⋆ the hierarchy between the different fermion masses

⋆ the observed relic abundance

which are issues that can not be addressed within the SM

 In particular, I will take the path of adding a warped extra dimension (WED)



Motivation

The heavy scalar will be a natural mediator
to any fermionic dark sector propagating into

the warped extra dimension



Motivation

It is natural because

⋆ it was ordered to solve another problem

⋆ it is technically natural, like any scalar in WEDs

⋆ Once this guy is present, it has to couple to any fermion propagating into
the WED



A brief detour



What can an XDim do and not do for you?

It can

3 give you a technically natural light Higgs

3 provide a rationale to understand the flavor puzzle

However,

7 contrary to SUSY, it does not have a prime DM candidate



The price to pay

For every field propagating into the bulk of the warped extra dimension, there
will be an infinite tower or Kaluza-Klein resonances

like there are infinite harmonics in a vibrating guitar string. We will identify the
massless zero-mode with the corresponding SM field



The price to pay

For every field propagating into the bulk of the warped extra dimension, there
will be an infinite tower or Kaluza-Klein resonances

like there are infinite harmonics in a vibrating guitar string. We will identify the
massless zero-mode with the corresponding SM field



A naturally light Higgs

In WEDs, the fundamental scale of the theoryO(MPl) is redshifted by the warp
factor to a few TeV on the IR brane, where the Higgs is localized [Randall, Sundrum ’99]

ϕ
ϕ = 0 ϕ = π

(UV-brane) (IR-brane)

e−σ(ϕ)

ds2 = e−2σ(ϕ) ηµνdxµdxν − r2 dϕ2

UV: m ∼ MPl = 2 · 1015 TeV

IR: m ∼ MPl · e−σ(π) ∼ TeV

The Higgs VEV (as any dimensionful parameter) gets redshifted

vSM ∼ MPle−σ(π) σ(π) = k rπ, k r ∼ 10



A rationale for the flavor puzzle

The smallest irrep of the 5D Clifford algebra {ΓM,ΓN} = 2gMN is 4D

Γ5 = ±Γ0Γ1Γ2Γ3 ⇒ Γ̄ ∝ 1

1 ψ(x, ϕ) are vector-like and can have bulk masses M = c/k

2 We can still get a 4D chiral spectrum

S1/Z2

0 πr

ϕ ∼ −ϕ
ψL(x,−ϕ) = ZψL(x, ϕ) Z 2 = 1

ψL(x, y)|0,π = 0 ∂ϕψL(x, y)|0,π = 0



A rationale for the flavor puzzle



A rationale for the flavor puzzle

This can explain the huge hierarchy between the different fermion masses

ϕ

(UV-brane)
ϕ = 0

(IR-brane)
ϕ = π

f u3 f
q
3

f u1,2 f
q
1,2 f di

H
c > 1/2 c < 1/2

(
mu,d

)
ij ∼

v√
2
f qi Y∗f

u,d
j

We obtain naturally also a hierarchical mixing in the quark sector∣∣∣Uu,d
L

∣∣∣
ij

∼ f qi /f
q
j

∣∣∣Uu,d
R

∣∣∣
ij
∼ f u,di /f u,dj i ≤ j



End detour



Our original motivation

To have a chiral spectrum, Ψ̄Ψ has to be Z2-odd. Normally, one just assumes

M sign(ϕ)Ψ̄(x, ϕ)Ψ(x, ϕ)

However,

⋆ why M sign(ϕ) and not any other Z2-odd function?

⋆ is it obvious that M sign(ϕ) can be obtained dynamically?

⋆ what are the phenomenological consequences?

We explore the case where the fermion bulk masses comes trough a term

Σ(x, ϕ)Ψ̄(x, ϕ)Ψ(x, ϕ)

after the Z2-odd scalar field Σ(x, ϕ) takes a VEV [Georgi et al ’00] for flat Xdim

⟨Σ(x, ϕ)⟩ = ω(ϕ)



A coupled gravity�scalar system

The scalar action reads

S5D = 2

∫
d4x

∫ π

0

dϕ
√
g
{1

2
gMN(∂MΣ)(∂NΣ)− V(Σ)

}
, with

V(Σ) = ΛB +
µ2

2
Σ2 +

λ

4!
Σ4

⋆ The potential induces a ϕ-dependant VEV: v(ϕ) =
√

λ
6|µ|2ω(ϕ)

⋆ Coupled to gravity through γ ≡ |µ| 2
λM 3

∗

0 =σ′′(ϕ)− γv ′2(ϕ) σ′|UV,IR = ∓rκ2VUV,IR

0 =v ′′(ϕ)− 4σ′(ϕ) v ′(ϕ) + |µr| 2
[
v(ϕ)− v3(ϕ)

]
v|UV,IR = 0

M [MPl]

M∗

1

|µ|λ−1 k

∼1/4

r−1

1/40 γ → 0



Background solutions

0 =σ′′(ϕ)− γv ′2(ϕ) σ′|UV,IR = ∓rκ2VUV,IR

0 =v ′′(ϕ)− 4σ′(ϕ) v ′(ϕ) + |µr| 2
[
v(ϕ)− v3(ϕ)

]
v|UV,IR = 0

V(v)= |µr|2
[
1
2
v2 − 1

4
v4
]

v
1−1

|µr|2 − 4(kr)2≥1



Background solutions

0 =σ′′(ϕ)− γv ′2(ϕ) σ′|UV,IR = ∓rκ2VUV,IR

0 =v ′′(ϕ)− 4σ′(ϕ) v ′(ϕ) + |µr| 2
[
v(ϕ)− v3(ϕ)

]
v|UV,IR = 0



Implications

Precision Physics

Colliders Flavor

EWPT

K− K̄ mixing
ϵK …

KK scalar
production

too heavy for
the LHC!



Implications

All this and more in arXiv:1905.09833. We will concentrate on this talk on other
effects, which we explored on arXiv:2011.09492

⋆ Mixing with a bulk-Higgs boson

⋆ Connection to dark sectors and DM



Mixing with a bulk Higgs boson

⋆ In the previous discussion, we have neglected the mixing of Σ with the
Higgs boson, but in general we will have

V(H,Σ) = µ2
H|H|2 −

µ2
S
2
Σ2 +

λS

4
Σ4 + λHS|H|2Σ2

⋆ If the Higgs is also a bulk field, such mixing is unavoidable. We
parametrize it by

λ̄ =
µ2
S

k2
λHS

λS

⋆ The coupled system of equations become larger and nastier to solve. We
do it perturbatively for a vanishing backreaction and smallish λ̄



Mixing with a bulk Higgs boson

We write the metric as

ds2 =
ϵ2

t2

(
ηµνdxµdxν − dt2

M2
KK

)
, t ∈ [0, 1], ϵ = e−krπ ∼ O(10−16)

Due to EWPT, we take MKK = kϵ = 5 TeV. In the unitary gauge,

H(x, t) = (0,
t

ϵ
√
2r

[φH(t) + h(x, t)])T, Σ(x, t) = φS(t) +
t
ϵ
√
r
S(x, t)

The equations of motion for the VEVs φH(t) and φS(t) are[
t2∂2t − 3t∂t +

µ2
S

k2
(
1− v2S − λ̄

k4

µ4
S

λS

r
t2
φ2
H

M2
KK

)]
vS(t) = 0,

[
t2∂2t + t∂t − β2 − λ̄v2S

] φH(t)
t

= 0.



Mixing with a bulk Higgs boson

The guys with no VEV will have the following KK-decomposition for λ̄ = 0

h(x, t) =
∞∑
n=0

hn(x)χh
n(t), S(x, t) =

∞∑
n=1

Sn(x)χS
n(t)

The lightest resonances h0(x), h1(x), S1(x) will mix whenever λ̄ ̸= 0, leading to
new mass eigenstates hphys(x),S(x),H(x),

h0(x) = hphys(x) + sin θhS S(x) + sin θhH H(x),

H(x) = h1(x) +O(λ̄), S(x) = S1(x) +O(λ̄)

sin θhS = λ̄
κ2h0S1

x2S1 − x2h0
≈ λ̄

κ2h0S1
x2S1

sin θhH = λ̄
κ2h0h1

x2h1 − x2h0
≈ λ̄

κ2h0h1
x2h1



Mixing with a bulk Higgs boson

m2
h ≈

(
x2h0 + λ̄ κ2h0

)
M2

KK



Mixing with a bulk Higgs boson

m2
h ≈

(
x2h0 + λ̄ κ2h0

)
M2

KK



A window to dark fermions



A window to dark fermions

any fermion ψ(x) ⊂ Ψ(x, t) propagating into the bulk of the extra dimension
has to interact with S1(x) ⊂ Σ(x, t),

S5D ⊃ −
∫

d5x
√
gYΨ̄(x, t)Ψ(x, t)Σ(x, t) → yaASS1(x)ψ̄(x)ψ(′)(x)



A window to dark fermions

Consider a dark sector composed of Nχ 5D fermions, singlets of the SM

⋆ The lightest KK resonance will be stable, even if dark fermions are
charged under a dark gauge group

⋆ The lightest fermion can be a chiral zero-mode or a massive KK fermion,
depending on the boundary conditions

- A chiral zero-mode will require a dark Higgs

- A massive KK fermion can be made much lighter than MKK

⋆ For the sake of concreteness, we chose the second option



A window to dark fermions

The first KK fermion resonance can be very light too Agashe, Servant, ’04

Where we have defined x1 = mχ/MKK and cχ = Yχ

√
6
λS
µS/k



A window to dark fermions



Modified Higgs couplings

δyphysfh ≡ 1−
yphysfh
ySMfh

≃ (1− κf) + ∆fH +∆fS y∗ =

√
k(1 + β)

2 + β
Y5D,
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DM coannihilation

⋆ The mixing of the Higgs with S1 is controlled by sin θhS ≲ 10−3

⋆ mχ and yχS are both controlled by cχ, as we have seen before

⋆ y∗ = O(1) is related to the 5D Yukawa coupling and controls the
localization of the different SM fermions and therefore the mixing between

QLtR, qLTR, . . .



DM coannihilation

We consider two cases,

⋆ the usual freeze-out mechanism

Ωχh2 ≃ xf
2
√

g⋆S(mχ/xf)
10−9GeV−2

⟨σv⟩

⋆ that DM freeze-out happens during an early period of matter-domination
Hamdan, Unwin, ’18, which makes

H ∝ T3/2 instead of H ∝ T2



A cosmological soap opera

We can think of a scalar field ϕ living on the UV brane and relatively long-lived

Eventually, in the scenario of matter domination (MD), we are going to have
three parameters: T∗, τ and TRH



Let us coannihilate

For the MD case, we take T⋆ = 105 GeV and τ = 0.99



Let us coannihilate

For the MD case, we take T⋆ = 105 GeV and τ = 0.99



DM direct detection

Since S1 is very heavy, constraints from DM direct detection come mostly
through Higgs exchange

which is controlled by sin θhS . Indeed, the WC for the effective vertex q̄qχ̄χ
reads

αq = yχS
{
yqS
m2

S
+

yqh sin θhS
m2

h

}



We need to check all the constraints

We do not have infinite freedom, e.g. 7 Chorizo, 7 Huevo, 7 Piña, . . .



All the stuff together

For the MD case, we take T⋆ = 105 GeV and τ = 0.99



All the stuff together

For the MD case, we take T⋆ = 105 GeV and τ = 0.99



Conclusions

⋆ 5D fermion masses can be obtained dynamically

⋆ This require adding a Z2-odd field Σ(x, ϕ)

⋆ Every 5D fermion has to couple to Σ

⋆ We have therefore a natural window to any 5D fermion sector

⋆ S1-mediated DM can provide a fraction of the observed relic abundance or
all of it, in the case of a MD freeze-out



Thanks!



Backup Slides



EWPT

γ m1
g (TeV) – minimal m1

g (TeV) – custodial MKK (TeV) –minimal
1 15.3 17.0 22.8

10−1 14.7 17.0 7.4
10−2 14.6 17.0 6.1
0 14.6 17.0 5.9



flavor

Different fermion localizations lead to family dependent couplings to massive
KK gauge bosons, which are IR localized

g(1)α ≈ gs
(
− 1√

L
+ f 2αγ(cα)

)
√
L =

√
krπ ≈ 5 γ(cα) ∼ O(1)

For UV localized fermions⇒ fα ≪ 1⇒ g(1)α ≈ −0.2gs

RS-GIM Mechanism
Off-diagonal couplings are suppressed by CKM entries and by ratios of mixing
and masses. Still,∆mK and ϵK impose some tunning.



Flavor

SM masses: (Yeffq )ij = F(cQ,i) (Yq)ij F(cq,i)



Flavor constraints� a case study
A benchmark point

Qsd
1 ∝ (d̄LγµsL) (d̄LγµsL) Qsd

4 ∝ (d̄RsL) (d̄LsR)
Q̃sd
1 ∝ (d̄RγµsR) (d̄RγµsR) Qsd

5 ∝ (d̄LγµsL) (d̄RγµsR)

∆ ≡ |ϵK − ϵSMK | ∝ ℑ
[
C1 + C̃1 + 213

(
C4 +

C5
Nc

)]



Flavor constraints� a case study
Scanning over Yukawa matrices



Metric � scalar system
Scalar-gravity action (κ−2≡2M3

∗)

S = 2

∫
d4x

∫ π

0

dϕ
√
g
{
− R

2κ2
+ T(Σ)− V(Σ)−

∑
i

√
|ĝi|√
g

Vi(Σ)δ(ϕ− ϕi)

}
Einstein’s equation and EOM for ω

RMN −
1

2
gMNR = κ2 TMN,

− 1
√
g
∂M

(√
ggMN∂Nω

)
=
∂V(ω)
∂ω

+
∑
i

√
|ĝi|√
g
∂Vi(ω)
∂ω

δ(ϕ− ϕi),

Energy-momentum tensor TMN for ω

TMN = ∂Mω∂Nω − gMN

[
1

2
gPQ∂Pω∂Qω − V(ω)

]
+
∑
i

√
|ĝi|√
g

Vi(ω)ĝiµνδ
µ
Mδ

ν
Nδ(ϕ− ϕi)



EWPT

T =
π2v2h r

2

c2w

∫ π

0

dϕ1e2σ(ϕ1), S = 8π2v2h r
2

∫ π

0

dϕ1e2σ(ϕ1)

∫ π

ϕ1

dϕ2

�

mt

mh

mt � �172.6 � 1.4� GeV

MKK

LMKK � �1, 10� TeV
L � �5, 37�

mh � �60, 1000� GeV

68� CL
95� CL
99� CL

U � 0

�0.4 �0.2 0.0 0.2 0.4 0.6

�0.4

�0.2

0.0

0.2

0.4

0.6

S

T

�

mt

mh

mt � �172.6 � 1.4� GeV

MKK

L

MKK � �1, 10� TeV
L � �5, 37�

mh � �60, 1000� GeV

68� CL
95� CL
99� CL

U � 0

�0.4 �0.2 0.0 0.2 0.4 0.6

�0.4

�0.2

0.0

0.2

0.4

0.6

S

T

Minimal case Custodial case

M. Neubert et al - [0807.4937]



Kaon Mixing

ϵK =
κϵ eiϕϵ

√
2 (∆mK)exp

Im ⟨K0|H∆S=2
eff |K̄0⟩

 Effective∆S = 2 Hamiltonian

H∆S=2
eff =

5∑
i=1

CiQsd
i +

3∑
i=1

C̃iQ̃sd
i

 Relevant operators (at TL in RS)

Qsd
1 ∝ (d̄LγµsL) (d̄LγµsL) Q̃sd

1 ∝ (d̄RγµsR) (d̄RγµsR)

Qsd
4 ∝ (d̄RsL) (d̄LsR)

Qsd
5 ∝ (d̄LγµsL) (d̄RγµsR)



Kaon mixing

 Effective∆S = 2 Hamiltonian

H∆S=2
eff =

5∑
i=1

CiQsd
i +

3∑
i=1

C̃iQ̃sd
i

 Wilson coefficients:

CRS
1 ∝

(
∆̃D

)
12

⊗
(
∆̃D

)
12

C̃RS
1 ∝

(
∆̃d

)
12

⊗
(
∆̃d

)
12

CRS
4 ∝

(
∆̃D

)
12

⊗
(
∆̃d

)
12

CRS
5 ∝

(
∆̃D

)
12

⊗
(
∆̃d

)
12

(
∆̃F

)
mn ⊗

(
∆̃f′

)
m′n′ ∝

∫ π

0

dϕ
∫ π

0

dϕ′ eσ(ϕ) eσ(ϕ
′)D(ϕ, ϕ′)

×
[
C(F)
m (ϕ)C(F)

n (ϕ)
]
×
[
C(f′)
m′ (ϕ

′)C(f′)
n′ (ϕ′)

]
,
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