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Flavor Anomalies
Charged currents

3 A combined ∼ 4σ anomaly on charged current semileptonic B̄ → D(∗)

decays

R(∗)
D =

Γ(B̄ → D(∗)τ ν̄)

Γ(B̄ → D(∗)ℓν̄)
; RD/RSM

D = 1.37± 0.17 RD∗/RSM
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! Requires very light NP, since it has to compete with the SM tree-level
prediction



Flavor Anomalies
Neutral currents

3 There are several prominent deviations in b → sℓℓ transitions

Observable Experiment SM prediction pull
⟨P′

5⟩[4,6] −0.30± 0.16 −0.82± 0.08 -2.9
⟨P′

5⟩[6,8] −0.51± 0.12 −0.94± 0.08 -2.9
R[1,6]

K 0.745+0.090
−0.074 ± 0.036 1.00± 0.01 +2.6

R[0.045,1.1]
K∗ 0.66+0.11

−0.07 ± 0.03 0.92± 0.02 +2.2
R[1.1,6]

K∗ 0.69+0.11
−0.07 ± 0.05 1.00± 0.01 +2.5

. . .

where

R[q2
0,q2

1]
K ≡ B(B+ → K+µ+µ−)

B(B+ → K+e+e−)

∣∣∣∣
[q2

0,q2
1]

, R[q2
0,q2

1]
K∗ ≡ B(B0 → K∗µ+µ−)

B(B0 → K∗e+e−)

∣∣∣∣
[q2

0,q2
1]

and P′
5 is some ’complicated’ angular observable in B → K∗µµ.



The case for RK(∗)

From the NP point of view, RK and RK∗ stand out for several reasons

1 They are very clean observables!

For RK

• Perturbative and non-perturbative QCD contributions cancel

• log(mℓ) enhanced QED corrections are at the O(1%) level [Bordone,

Isidori, Pattori, 16]

For RK∗ , QCD contributions cancel within the SM

2 It is a loop level effect in the SM

3 They probe a somehow fundamental feature of the SM: lepton
flavor universality!



EFT approach

In order to compute the NP effects in b → sℓℓ we use the following
effective Hamiltonian

Heff = −4GF√
2
(V∗

tsVtb)
∑

i
Ĉℓ

i Oℓ
i (µ),

with the relevant operators being

O7 =
e

16π2
mb (̄sσαβPRb)Fαβ , O′

7 =
e

16π2
mb (̄sσαβPLb)Fαβ ,

Oℓ
9 =

α

4π
(̄sγαPLb)

(
ℓ̄γαℓ

)
, Oℓ′

9 =
α

4π
(̄sγαPRb)

(
ℓ̄γαℓ

)
,

Oℓ
10 =

α

4π
(̄sγαPLb)

(
ℓ̄γαγ5ℓ

)
, Oℓ′

10 =
α

4π
(̄sγαPRb)

(
ℓ̄γαγ5ℓ

)
,

and Ĉi = CSM
i + CNP

i . We have

Cℓ SM
9 = 4.07 , Cℓ SM

10 = −4.31 , CSM
7 = −0.29 .

and Cℓ′SM
7,9,10 = 0.



EFT approach

There are also (pseudo)scalar operators

O(′)
S =

α

4π
(̄sPR,Lb)(ℓ̄ℓ), O(′)

P =
α

4π
(̄sPR,Lb)(ℓ̄γ5ℓ),

as well as tensor ones

OT(5) =
α

4π
(̄sσµνb)(ℓ̄σµν(γ5)ℓ).

However, only OS −OP and O′
S +O′

P are non zero when one goes from
the dim-6 SM EFT to Heff
[Alonso, Grinstein, Martin-Camalich '14]

B(B0
s → ℓ+ℓ−) very sensitive to (pseudo)scalar operators ⇒ NP

contributions there have to be small ⇒ NP in b → sℓℓ transitions can be
very well parametrized by O(′)

9,10,7



EFT approach

We can also use for convenience the chiral basis,

Heff = −4GF√
2
(V∗

tsVtb)
α

4π

O7 +O′
7 +

∑
X,Y=L,R
ℓ=e,µ,τ

CbsXℓYObsXℓY

+ h.c. ,

with
ObsXℓY = (s̄γµPXb)(ℓ̄γµPYℓ) ,

since often NP models treat a certain chirality in a special way and one
can take advantage of the hierarchy of SM contributions

CSM
bsLℓL = 8.38 ≫ −CSM

bsLℓR = 0.24.

In this basis

RK =
|CbsLµL+CbsRµL|2 + |CbsLµR+CbsRµR |2

|CbsLeL+CbsReL|2 + |CbsLeR+CbsReR |2
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(V∗
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α

4π

O7 +O′
7 +

∑
X,Y=L,R
ℓ=e,µ,τ

CbsXℓYObsXℓY

+ h.c. ,

with
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since often NP models treat a certain chirality in a special way and one
can take advantage of the hierarchy of SM contributions

CSM
bsLℓL = 8.38 ≫ −CSM

bsLℓR = 0.24.

In this basis

RK ≃ 1 + 2
Re[CSM

bsLℓL

∗
(CNP

bsLµL
+CNP

bsRµL
−CNP

bsLeL
−CNP

bsReL
)]

|CSM
bsLℓL

|2

+
|CNP

bsLµR
+ CNP

bsRµR
|2 − |CNP

bsLeR
+ CNP

bsReR
|2

|CSM
bsLℓL

|2



EFT approach
Analogously,

RK∗ ≃ RK −4p
Re[CSM

bsLℓL

∗
(CNP

bsRµL
− CNP

bsReL
)]

|CSM
bsLℓL

|2

−4p
Re[CNP

bsLµR
CNP

bsRµR

∗ − CNP
bsLeR

CNP
bsReR

∗
]

|CSM
bsLℓL

|2
where p ≈ 0.86

CbsL (μ-e)L
NPCbsR (μ-e)L

NP

CbsX μR
NP

CbsX eR
NP

Cbs(L=R) eR
NP
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NP
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Model building

Three main possibilities:

b ℓ

ℓs

Z′ resonance

b ℓ

ℓs

spin 0/1 leptoquark

b ℓ

ℓs

loop stuff

• Most of the models are ad-hoc solutions to the flavor anomalies

• The connection with naturalness was largely unexplored

• Can it be the first hint of a bigger picture?



Violation of LFU in CHMs



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]

CFT

They can naturally lead to a light Higgs m2
π = m2

h ∼ g2elµ
2/16π2
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+
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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

One can promote the linear mixings to spurions of G and expand in
powers of λ/g∗

V ∼ m4
∗

Nc
16π2

[(
λ

g∗

)2

V2(h/f) +
(

λ

g∗

)4

V4(h/f) + . . .

]
m∗ = g∗f

The large value of the top yukawa

ytop ∼ Y∗
λqf
MQ

λtf
MT

∼ 1

makes the top contribution (typically) responsible for triggering EWSB
[Contino, da Rold, Pomarol, '06] and since

m2
H ∝ |λ|4/g4∗

We expect to have anomalously light top partners 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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∗ = 0.7 is the maximum allowed ”Yukawa”



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!

NR

lL lL

HH

type − I

Φ
lL lL

HH

type − II

ΣR

lL lL

HH

type − III



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

Vector resonances are ubiquitous in CHMs. In the particular case of

SO(5)× U(1)X/[SO(4)× U(1)X]

one gets

10 = (3,1)⊕ (1,3)⊕ (2,2), 1 = (1,1)

ℓR

ℓ̄R

∼ g2/g∗

ℓR

ℓ̄R

∼ g∗(ϵℓR)2

RH leptons are custodially symmetric and transform as (1,1) so they
only couple (beforew EWSB) to the ’hypercharge’ (1,1)



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)



Violation of LFU
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Violation of LFU
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Constraints

There are four irreducible constraints

1 Bs → ℓℓ

b

s̄

ℓ

ℓ̄

3 pp → ℓℓ

q

q̄

ℓ

ℓ̄

2 Bs − B̄s mixing

b

s̄

b

s̄

4 EWPD
e

ē

e

ē



1. Bs → ℓℓ

B(Bs → ℓ+ℓ−)

B(Bs → ℓ+ℓ−)SM
=

∣∣∣∣∣1 + CNP
bsLℓR

−CNP
bsLℓL

−CNP
bsRℓR

+CNP
bsRℓL

CSM
bsLℓR

−CSM
bsLℓL

∣∣∣∣∣
2
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s
→
μ
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M



2. Bs − B̄s mixing

∆MBs

∆MSM
Bs

≃ 1 +
(
35.380Re CLR

V − 10.530Re[CLL
V + CRR

V ]
)

TeV2

OXY
V = (s̄γµPXb)(̄sγµPYb)
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2. Bs − B̄s mixing and P′
5[4.3,8.68]
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3. Dilepton searches
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• For MZ′ ≲ 3 TeV, couplings to
first generation quarks have to
be small
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[Greljo, Marzocca, '17]

• MFV-like couplings to quarks is
already excluded!

3 We have ∼ 4 TeV Z’s with very small couplings to light quarks



3. Dilepton searches
Moreover, by naturalness, one expects the channel Z′ → Lℓ to be open
and dominate the branching ratio

L

ℓ̄R

∼ g∗ϵℓR

vs
ℓR

ℓ̄R

∼ g∗(ϵℓR)2

Chala, Spannowsky '18
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4. 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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Conclusions

• RK and RK∗ provide very clean probes of higher energies

• Both RK and RK∗ anomalies can be succesfuly addresed with NP in
the RH electron sector

• This can happen naturally in CHMs with a ’minimal’ type-III seesaw

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

• Observed values in other observables like Bs → µ+µ−,∆MBs or P′
5

can be reproduced

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



Thanks!



Back-up Slides



B → Kℓ+ℓ−

The individual branching fractions are given by

dB(B → Kℓ+ℓ−)
dq2

=
G2

Fα
2|VtbV∗

ts|2

(4π)5m3
B

([m2
B−K∗ ]2−2m2

B+K∗q2+q4)
3
2 (|FV|2+|FA|2)

where

FV(q2) =(CbsRℓR+CbsLℓL+CbsRℓL+CbsLℓR)/2 f+(q2)

+
2mb

mB + mK
(C7 + C′

7)fT(q2) + hK(q2)

FA(q2) =(CbsRℓR−CbsLℓL−CbsRℓL+CbsLℓR)/2 f+(q2)

m2
A±B ≡ m2

A ± m2
B, and we neglected lepton masses, CP violation, and

higher order corrections



B0 → K∗ℓ+ℓ−

dB(B0 → K∗ℓ+ℓ−)

dq2
≃τB0

G2
Fα

2|VtbV∗
ts|2

3· (4π)5m3
B
([m2

B−K∗ ]2−2m2
B+K∗q2+q4)

1
2 q2

(|AℓL
⊥ |2 + |AL

∥|
2 + |AL

0|2 + L→R)

AℓL,R
⊥ = +

√
2mB(1−q2/m2

B)
[
CbsLℓL,R + CbsRℓL,R

]
ξ⊥

AℓL,R
∥ = −

√
2mB(1−q2/m2

B)
[
CbsLℓL,R − CbsRℓL,R

]
ξ⊥

AℓL,R
0 = −m3

B(1−q2/m2
B)

2

2|q|mK∗

[
CbsLℓL,R − CbsRℓL,R

]
ξ∥

Defining the integrated form factors

g[q
2
min,q2

max]
⊥,∥,0 =

∫ q2
max

q2
min

dq2
([m2

B−K∗ ]
2−2m2

B+K∗q2
+q4

)
1
2
2(q3 − m2

Bq)2

m2
B

× {|ξ⊥|2, |ξ⊥|2, (m2
B−q2)2

8q2m2
K∗

|ξ∥|2} , p ≡
g0 + g∥

g0 + g∥ + g⊥



Bs − B̄s mixing
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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



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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