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Composite Higgs

• One interesting solution to the hierarchy problem is making the
Higgs composite, the remnant of some new strong dynamics
[Kaplan,Georgi '84]

• It is particularly compelling when the Higgs is the pNGB of some
new strong interaction. Something like pions in QCD
[Agashe,Contino,Pomarol '04]
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Talking to Fermions

A priori, we have two different ways of introducing the mixing with the
elementary fermions:

1 Quadratically, à la Technicolor

λ

Λγ
q̄LtRO(x), [O(x)] = 1 + γ =⇒ mq ∼ f 4π√

N

(µ

Λ

)γ

, γ > 0

2 Linearly, via partial compositeness [Kaplan '91]

λL
ΛγL

qLOL(x),
λR
ΛγR

tROR(x), [OL,R(x)] = 5/2+γL,R, γL,R > −1

⇒ mq ∼ v
√

N
4π

(µ

Λ

)γL+γR
or mq ∼ v 4π√

N
√
γLγR

Very well mimicked by Randal-Sundrum models!



AdS/CFT correspondence

• Models with warped extra dimensions are weakly duals to strongly
coupled 4D theories [Maldacena '98]

• They provide a calculable framework for composite Higgs models

UV brane IR brane

• The 5D realizations of models where the Higgs is a pNGB are
models of gauge-Higgs unification (GHU), πâ(x) ∼ Aâ

5(x)



AdS/CFT correspondence

We can explain the huge hierarchy existing between the different fermion
masses

(mu,d)ij ∼ v√
2

Y∗fqi fu,dj

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

L

∣∣∣
ij

∼ fqi /fqj
∣∣∣Uu,d

R

∣∣∣
ij
∼ fu,di /fu,dj i ≤ j



Higgs Potential

• The gauge contribution is aligned in the direction that preserves the
gauge symmetry [Witten '83]

• However, the linear mixings Lmix = λq
Lq̄LOq

L + λt
Rt̄ROt

R + h.c. needed
to generate the fermion masses

λq
L h

Y∗

λt
R

Q1 T1

tL tR

break the NGB symmetry and will be also responsible for EWSB

tR

Q1

λt
R λt

R

T1 T1

+
λt

R

λt
R

λq
L

λq
L

tL

tR

+ . . .



Higgs Potential
The fermion contribution will depend in general of the specific G-irrep of
the composite operators O

Lmix ∼ λqq̄αL(∆
α
q )

I(Oq)I + λuūR(∆u)
I(Ou)I + λdd̄R(∆d)

I(Od)I + h.c. .

One can promote ∆ to spurions of G and expand in powers of λ

V ∼ m4
∗

Nc
16π2

[(
λ

g∗

)2

V2(h/f) +
(

λ

g∗

)4

V4(h/f) + . . .

]
m∗ = g∗f

where
V2(h/f) = c1V(1)

2 (h/f) + c2V(2)
2 (h/f) + . . . , . . .

The large value of the top mass makes the top contribution (typically)
responsible for triggering EWSB and since

ytop ∼ Y∗
λqf
MQ

λtf
MT

and mH ∝ |λ|2/g2∗ ⇒ MΨ ≪ m∗



Light Top Partners at the LHC

We can see e.g. the MCHM5, [AC, Goertz, JHEP 1505 (2015) 002]
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Violation of LFU in CHMs



Leptons can play a role

Leptons are typically disregarded since one could naively expect
λℓ/g∗ ≪ 1. However,

• They are not just a scaled version of the quark sector

• The mixing angles in the lepton sector are highly non-hierarchical

• Neutrinos could have Majorana masses!
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Leptons can play a role

1 A ’normal’ lepton sector will look like

L ⊃ λℓ

Λγℓ
ℓ̄LOℓ +

λe
Λγe

ēROe +
λΣ

ΛγΣ
Σ̄ROΣ − 1

2
MΣTr

(
Σ̄c

RΣR
)
+ h.c.

2 Since ∥MΣ∥ ∼ Λ ∼ MPl, avoiding too small neutrino masses

(Mν)light ∼ v2ϵ2ℓϵ2Σ (MΣ)
−1

, ϵℓ,Σ ∼ λℓ,Σ

(µ

Λ

)γℓ,Σ

requires 0 ≪ ϵΣ

3 The 14 = (1,1)⊕ (2,2)⊕ (3,3) of SO(5) makes possible to unify
all the RH leptons in only one multiplet!

L ⊃ λℓ
L

Λγℓ
ℓ̄LOℓ +

λR
ΛγR

Ψ̄ROR − 1

2
MΣTr

(
Σ̄c

RΣR
)
+ h.c.

with ΨR ⊃ eR,ΣR, Oℓ ∼ 5 and OR ∼ 14
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Lifting the top partners

This is really interesting since

• Since the contribution to the Higgs quartic from the 14 arises at
O(λ2

R/g2∗), moderate values of λR can have an impact

• The three charged lepton RH fields will contribute to the potential
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Violation of LFU

Since

Me ∼ vϵℓ and (Mν)light ∼ v2ϵ2ℓϵ2RM−1
Σ ,

having hierarchical charged lepton masses and anarchical neutrino masses
leads to

0 ≪ ϵτR ≪ ϵµR ≪ ϵe
R

and to a violation of LFU

bL

s̄L

eR, µR

eR, µR

∼ g2∗/m2
∗ (ϵsLϵbLϵ

2
R)



The case for RK

From the NP point of view,

RK(∗) |q2∈[1.1,6] GeV2 =
Γ(B̄ → K̄(∗)µ+µ−)

Γ(B̄ → K̄(∗)e+e−)

∣∣∣∣
q2∈[1.1,6] GeV2

stands out for several reasons

1 It is a very clean observable!
• Perturbative and non-perturbative QCD contributions cancel
• log(mℓ) enhanced QED corrections are at the O(1%) level [Bordone,

Isidori, Pattori, 16]

2 It is a loop level effect in the SM

3 It probes a somehow fundamental feature of the SM: lepton flavor
universality!



Violation of LFU
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Violation of LFU
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EWPD
One of the biggest tensions arises from EWPD on four-fermion
interactions

(eRγµeR)(eRγ
µeR) ∼

g2∗
m2

∗
(ϵeR)

4
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What about LFV?

In principle, one expects to generate dangerous FCNCs leading to
extremely constrained lepton flavor violating processes

µ → eγ, µ → 3e, µ− e conv, τ → µγ, . . .

Some of them are an issue even for elementary leptons!

[Beneke, Moch, Rohrwild, '15]



A flavor protection

We would like to have a global flavor symmetry in the Composite Sector
⇐⇒ gauge symmetry in the bulk and the IR brane
5DMFV :[Fitzpatrick,Perez,Randall, 07], [Perez,Randall, 08], [Csaki,Perez,Surujon,Weiler, 09

UV brane IR brane
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Since we only have two 5D multiplets: ζℓL ∼ 5 and ζℓR ∼ 14, we make
them triplets of GF = SU(3)L × SU(3)R

ζL ∼ (3,1) ζR ∼ (1,3)



A flavor protection

We can then assume that all the breaking of GF comes from one spurion

Y ∼ (3, 3̄)

such that

cL ≡ MLR ∼ 1 + YY† cR ≡ MRR ∼ 1 + Y†Y

and
mS ∼ Y mB ∼ Y

• By unifying all RH fields we sit in the ’alignment’ limit of 5DMFV

• Then, all the flavor mixing comes via the Majorana masses!
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Composite Dark Matter



The question of DM

• In order to have a DM candidate one needs to go beyond the
minimal model
Gripaios,Pomarol,Riva,Serra, '09, Mrazek,Pomarol,Rattazzi,Redi,Serra, '11,

Frigerio,Pomarol,Riva,Urbano '12, Barnard,Ghethetta,Ray, '14, Chala,Nardini,Sobolev '16, ...

• One uses the fact that for a symmetric coset, [Xa,Xb] = ifabkTk and
therefore, if U = exp (iΠaXa/f) and −iU−1∂µU = da

µXa + Ei
µTi,

dµ =
1

f ∂µΠ− i
2f2 [Π, ∂µΠ]X − 1

6f3 [Π, [Π, ∂µΠ]]X

+
1

24f4 [Π, [Π, [Π, ∂µΠ]]]X + . . . ,

and

Lσ =
1

2
f2Tr (dµdµ) +O(∂4) ∼ 1 +

1

f2 +
1

f4 + . . .+O(∂4)
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The question of DM

• We can then promote the accidental Z2 symmetry of Tr(dµdµ) to a
symmetry of the strong sector under which some pNGBs will be odd

H → H Φ → −Φ

• One needs to be sure that this symmetry is respected by the fermion
linear mixings λq̄O and is therefore respected by the scalar potential

V(Π) ∼ m4
∗

Nc
16π2

[(
λ

g∗

)2

V2(Π/f) +
(

λ

g∗

)4

V4(Π/f)
]
+ . . .

• Then the lightest Z2-odd scalar will be a DM candidate!



The case of SO7/G2
First considered in 1210.6208

• It delivers a 7 of G2, that decomposes under SU(2)× SU(2) ⊂ G2 as

7 = (2,2)⊕ (3,1)

• Depending on which SU(2) is weakly gauged, it means that

7 = 2±1/2 + 30 or 7 = 2±1/2 + 1±1 + 10

under the EW group

• If the Z2 is succesfully enforced it will provide a natural version of
Higgs portal DM or the Inert Triplet Model

• The group is non-anomalous but SO(7)/G2 is not symmetric!



The case of SO7/G2

Even though the coset is not symmetric, f2Tr(dµdµ) only features even
powers of 1/f

dµ =
1

f ∂µΠ− i
2f2 [Π, ∂µΠ]X − 1

6f3 [Π, [Π, ∂µΠ]]X

+
1

24f4 [Π, [Π, [Π, ∂µΠ]]]X + . . .

We make
qL ∼ 35 = 1 ⊕ 7 ⊕ 27, tR ∼ 1

leading to

V(Π) ≈ m2
∗f2 Nc

16π2
y2t [c1V1(Π) + c2V2(Π)] ,

with c1,2 ≲ 1 numbers encoding the details of the UV dynamics
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A Natural Inert triplet model

• We consider first the case where the additional pNGBs span a triplet

• At the renormalizable level

V(H,Φ) = µ2
H|H|2 + λH|H|4 + 1

2
µ2
Φ|Φ|2 +

1

4
λΦ|Φ|4 + λHΦ|H|2|Φ|2

with H ∼ 21/2 and Φ ∼ 30 and

µ2
H µ2

Φ λΦ λHΦ

−v2λH
2
3
f2λH

(
1− 8

3
v2
f2

)
− 4

9
λH

(
1− 8

3
v2
f2

)
5
18
λH

(
1 + 32

15
v2
f2

)
• Extremely predictive, only one free parameter f !

• µ2
Φ > 0 as well as m2

Φ = µ2
Φ + λHΦv2 > 0 so ⟨Φ⟩ = 0



Coannihilations

• EW gauge bosons induce a radiative splitting between the neutral
and the charged components

∆mΦ = gmW sin2 θW/2 ∼ 166MeV

• The coannihilation is dominated by gauge interactions

η W

η W

η W

κ±

η W

• Sommerfeld enhancement and bound state production are
important! gmΦ/mW ≫ 1 Cirelli,Strumia,Tamburini '07



Relic abundance
Recast of 0706.4071
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Direct detection

• There is a m2
Φ-suppressed tree-level contribution proportional to λHΦ

η η

h
q q

σ = λ2
HΦm4

Nf2N/(πm4
hm2

Φ), fN =
∑

q⟨N|q̄q|N⟩ ≈ 0.3

• But there are also mΦ-independent loop induced contributions

η ηκ±

q′

W W

q q

η ηκ±

q′

W W

q q

η ηκ±

W W

q q
h

It has been computed in the heavy WIMP effective theory Hill,Solon, '13

σ(ηN → ηN)HWET = 1.3+0.4+0.4
−0.5−0.3 × 10−2 zb



Direct detection

LUX 2016

XENON1T (2t·y, projected)
LZ (goal, projected)
σtree+σHWET
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Indirect detection
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Indirect detection
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Indirect detection
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Indirect detection
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Indirect detection
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Indirect detection
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Collider signatures and other constraints

• EWPT: modification of hVV coupling ⇒ f ≳ 900 GeV 1511.08235

• Modification of Higgs production and decay

Rγ =
σ(gg → h)× BR(h → γγ)

σSM(gg → h)× BRSM(h → γγ)
∼ 1+O

(
v2
f2
)

⇒ f ≳ 800 GeV

• Searches for dissapearing tracks: κ+ has a decay length of a few cm

f ≳ 650 GeV recast of an ATLAS 8 TeV analysis 1310.3675

• Monojet searches are not competitive to the previous ones



The singlet case
THE SCALAR POTENTIAL

The leading contribution to the scalar potential remains the same but
there are subleading contributions

• Breaking the degeneracy of κ+ and η (coming mostly from Bµ)

• Making κ± decay into tLbR (coming from the bR)

RELIC ABUNDANCE

• Sommerfeld effects and bound state production no longer relevant
• |H|2(∂µη)2/f2 dominates over λHΦ|H|2η2
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The singlet case

DIRECT DETECTION

• No mΦ-independent contribution but the bounds rescale differently

INDIRECT DETECTION

• Now it is possible to accommodate the whole DM abundance

COLLIDER SEARCHES

• Dissapearing tracks are no longer relevant
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Conclusions

• In CHMs, the absence of top partners can be translated into ��LFU!

• Therefore, RK < 1 and RK∗ < 1 could be the first probe of the
dynamics of EWSB

• Scalar WIMPs can naturally arise in non-minimal composite Higgs
models.

• In particular, the coset SO(7)/G2 leads to natural versions of Higgs
portal DM and the Inert Triplet Model

• In general, NP could be probed first via non-resonant searches!



Thanks!
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Composite RH neutrinos

When the operator
λR
ΛγR

Ψ̄ROR

is relevant, i.e., γR < 0, a very large kinetic term is induced

λ2
R

Λ2γR

∫
d4p d4q Ψ̄R(−p)⟨OR(p)ŌR(−q)⟩ΨR(q)

∼ λ2
R

(µ

Λ

)2γR
∫

d4x Ψ̄R(x)i�∂ΨR(x)

Canonically normalizing ΨR requires

ΨR → 1

λR

(µ

Λ

)−γR
ΨR

and leads to MΣ → MΣλ
−2
R (µ/Λ)−2γR and

MD ∼ vλℓ

(µ

Λ

)γL



EWPD

For elementary fermions and a composite Higgs,

T̂ ∼ [α̂− 2β̂ + γ̂], Ŝ ∼ [−β̂ + γ̂], W = Y ∼ γ̂

where

α̂ β̂ γ̂

and ∼
√

L, ∼ 1/
√

L,
√

L ∼ g∗/gel. Thus,

T̂ ∼ L, Ŝ ∼ 1, W = Y ∼ 1/L

T̂ ≫ Ŝ ≫ W,Y
We can make T̂ and δZℓ̄RℓR small enough thanks to our custodial setup
[Agashe,Delgado,May,Sundrum, '03] [Agashe,Contino,Da Rold,Pomarol, '06]
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