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Motivation



The Waning of the WIMP?

• The WIMP miracle ΩDMh
2 ∝ 〈σv〉−1

relic ∼ 0.12

〈σv〉relic ∼ 10−26 cm3 s−1 ∼ 10−9 GeV−2 ∼ g4

m4
Z

m2
DM

• Higgs and Z-portal are the simplest miracles [Arcadi et al. ’17]

... but almost ruled out
• Motivation for WIMP models? SUSY? Extra dimensions?

Compositeness? ...no significant excess, the Standard Model is robust!
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The RK(∗) anomalies

• Test of Lepton Flavor Universality (LFU) violation in b→ s``

R
[q2

min,q
2
max]

K(∗) ≡ B(B → K(∗)µ+µ−)
B(B → K(∗)e+e−)

∣∣∣∣
q2∈[q2

min,q
2
max]

• Theory under control: hadronic uncertainties cancels out, below c̄c

resonance
RSM
K(∗) = 1.00(1)

• LHCb results: SM disfavoured at ∼ 4σ [Altmannshofer et al. ’17]
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R
[0.045,1.1]
K∗ = 0.66+0.113

−0.074 ,

R
[1.1,6]
K∗ = 0.685+0.122

−0.083 ,

R
[1,6]
K = 0.745+0.097

−0.082 .
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The RK(∗) anomalies

• Flavor Changing Neutral Current (FCNC) loop generated in SM
→ RK(∗) sensitive to New Physics (NP) featuring FCNC!

• NP can be described as

HNP
eff = −4GF√

2
VtbV

∗
ts

∑
i,`

(
CNP
i` O`i + C ′NP

i` O′`i
)

µ−

µ+W+

Z, γ

B K

b̄

d d

s̄
t̄, c̄, ū

µ−

µ+

B K

b̄

d d

s̄

gbs

Z ′

gµµ

• RK(∗) explained for CNP
9µ = −CNP

10µ [Capdevila et al. ’17]

O(′)`
9 = (s̄γµPL(R)b)(¯̀γµ`), O(′)`

10 = (s̄γµPL(R)b)(¯̀γµγ5`) .

• ∆Leff ⊃ Gbsµ(b̄LγµsL)(µ̄LγµµL) + h.c.

Gbsµ ∼
1

(30 TeV)2

' 10−9 GeV−2 ' 〈σv〉relic Same scale!
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A flavourful model for RK(∗) &
Dark Matter



A flavourful model including a 4th generation

• Consider a 4th vector-like (V-L) family charged under extra U(1)′

SM particle content not charged under U(1)′

Field
Representation/charge

SU(3)c SU(2)L U(1)Y U(1)′

QLi 3 2 1/6 0
uRi 3 1 2/3 0
dRi 3 1 −1/3 0
LLi 1 2 −1/2 0
eRi 1 1 −1 0
νRi 1 1 0 0

H 1 2 1/2 0

QL4, Q̃R4 3 2 1/6 qQ4

uR4, ũL4 3 1 2/3 qu4
dR4, d̃L4 3 1 −1/3 qd4
LL4, L̃R4 1 2 −1/2 qL4
eR4, ẽL4 1 1 −1 qe4
νR4, ν̃L4 1 1 0 qν4

φQ,u,d,L,e 1 1 0 −qQ4,u4,d4,L4,e4

• The 4th V-L neutrino ν4 ≡ νR4 + ν̃L4 is a dark matter candidate
SM singlets scalars φ responsible for generation mixing
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The flavourful Lagrangian

• Mass and Yukawa terms in flavour basis (i = 1, 2, 3)

L ⊃ xQi φQQ̄LiQ̃R4+xui φu ¯̃uL4uRi+MQ
4 Q̄L4Q̃R4+Mu

4 ¯̃uL4uR4+Mν
4 ¯̃νL4νR4

• Non-diagonal mass terms generated after the U(1)′ breaking 〈φ〉 6= 0
→ diagonalized with 4× 4 unitary matrices Vαβ (α, β = 1, ..., 4)

• After U(1)′ SSB: Mixing mostly with 3rd gen. of Q and 2nd gen. of L

Lgauge
Z′ = g′Z ′µ

(
qQ4(sQ34)2Q̄′L3γ

µQ′L3
+ qL4(sL24)2L̄′L2γ

µL′L2

)
• Expanding the primed field in mass eigenstates after EW SSB

b′L =(V ′†dL)33bL + (V ′†dL)32sL + ... ' bL + (V ′†dL)32sL

µ′L =(V ′†eL)22µL + ... ' µL

Assuming |(V ′†dL)32| ≈ |Vts| ≈ 0.04

Generation of tree-level Z ′µb̄LγµsL term
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The phenomenological Lagrangian

s̄L

bL µ−

µ+

qQ4 qL4

Z ′

s
Q
34 · (VdL)32

s
Q
34 sL24

sL24

s̄L

bL µ−

µ+

gbs gµµ

Z ′

• The relevant terms at the end are:

L ⊃ Z ′µ
(
gbb

∑
q=b,t

q̄Lγ
µqL+gbsb̄LγµsL+gµµ

∑
`=µ,νµ

¯̀
Lγ

µ`L+gνν ν̄4γ
µν4

)
,

with the relations gbs = gbbVts and gνν = g′qν4

• A dark matter candidate ν ≡ ν4 stable
• A heavy Z ′ mediator featuring tree-level FCNC

5 parameters: gνν , gµµ, gbb, mZ′ and mν
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Flavour constraints

RK(∗) relation

Gbsµ = −gbsgµµ
M2
Z′

= −Vtsgbbgµµ
M2
Z′

≈ 1
(31.5 TeV)2
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Bs − B̄s mixing

∆Leff ⊃ −
Gbs
2 (s̄LγµbL)2 + h.c, Gbs = g2

bs

M2
Z′

= g2
bbV

2
ts

M2
Z′

.

− 1
(180 TeV)2 . Gbs .

1
(770 TeV)2
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Collider and other constraints

• pp→ γ∗Z → 4µ constrains low masses 5 .MZ′ . 70 GeV
• pp→ Z ′ → µ+µ− constrains higher masses 200 .MZ′ . 1000 GeV
• Precise measurements of LFU R

τ/µ
1s of Υ1s and (g − 2)µ set weaker

constraints
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Summary of the constraints

• MZ′ & few TeV unnatural
• MZ′ . 50 GeV strongly constrained
• Hierarchy gµµ � gbb satisfied in the natural parameter space
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Dark matter relic density

• Dark matter annihilations ν̄ν → ψ̄ψ, Z ′Z ′ with ψ = b, t, µ, νµ

Ωνh2 ' 0.12
(

3× 10−26cm3 s−1

〈σv〉

)
with 〈σv〉 =

∑
ψ

〈σv〉ψ̄ψ+〈σv〉Z′Z′ .

• 〈σv〉 is s-wave dominated → contraints from Indirect Searches:
Fermi and HESS (b̄b), Planck (µ+µ−) and upcoming CTA (µ+µ−)

10 50 100 500 1000

10-29

10-26

10-23
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Dark matter direct searches

• Effective operators generated at the scale µ 'MZ′

Leff ⊃ −
∑
f=µ,b

gννgff
M2
Z′

f̄Lγ
αfLν̄γαν ,

• Below µ < MZ′ , DM couplings to light quarks are induced via RGE

Leff ⊃
∑
q=u,d

C
(6)
1,f (µ)q̄γαqν̄γαν with C

(6)
1,f (µ) ∼ α

4π
gννgff
M2
Z′

log
(
MZ′

µ

)
• Effective operator generated at nuclear scale µ ' 2 GeV

Leff,NR ⊃
∑
N=p,n

cN1 ν̄νN̄N → σDD ∼
(gνν

0.2

)2(gµµ
0.1

)2( mZ

MZ′

)4
10−45 cm2.
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The surviving parameter space

• Each point satisfies RK(∗) and Ωνh2, color code represents DM mass
• All the grey points are excluded
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The future parameter space

• Assuming 3000 fb−1 and 2 orders of magnitude improvement on σDD

• The viable parameter space should be probed in the (near) future!
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Conclusion

Summary

• Considered 4th vector-like family charged under U(1)′

• Non-diagonal couplings generate mixing between generations
• The 4th right-handed neutrino is a good DM candidate
• RK(∗) and ΩDMh

2 can be explained simultaneously
• The remaining parameter space will be probed

Thank you for your attention!
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Back-up slides



The flavourful Lagrangian: Standard Model sector

• Mass and Yukawa terms in flavour basis (i = 1, 2, 3)

L ⊃ xQi φQQ̄LiQ̃R4+xui φu ¯̃uL4uRi+MQ
4 Q̄L4Q̃R4+Mu

4 ¯̃uL4uR4+Mν
4 ¯̃νL4νR4

• Non-diagonal mass terms generated after the U(1)′ breaking 〈φ〉 6= 0
→ diagonalized with 4× 4 unitary matrices Vαβ (α, β = 1, ..., 4)

Q′αL = V αβQLQ
β
L , u′αR = V αβuR u

β
R → mixing between the 4 generations

• L ⊃ yuijQ̄LiH̃uRj becomes L ⊃ y′uij Q̄′LiH̃u′Rj with y′uij = (VQLyuijV †uR)ij
• Diagonalization after EW SSB:

V †uLy
′uV ′†uR = diag(yu, yc, yt)→ VCKM ≡ V ′uLV

′†
dL

• Gauge sectors LZ and LW± unchanged → GIM mechanism
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The flavourful Lagrangian: The hidden gauge sector

• Before U(1)′ SSB:

LZ
′
⊃ g′Z ′µQ̄LDQγ

µQL + (Q→ L) with DQ ≡ diag(0, 0, 0, qQ4)

• After U(1)′ SSB: Mixing mostly with 3rd gen. of Q and 2nd gen. of L

D′Q = qQ4


0 0 0 0
0 0 0 0
0 0 (sQ

34)2 cQ
34sQ

34
0 0 cQ

34sQ
34 (cQ

34)2

 , D′L = qL4


0 0 0 0
0 (sL

24)2 0 cL
24sL

24

0 0 0 0
0 cL

24sL
24 0 (cL

24)2


Lgauge
Z′ = g′Z ′µ

(
qQ4(sQ34)2Q̄′L3γ

µQ′L3
+ qL4(sL24)2L̄′L2γ

µL′L2

)
• Expanding the primed field in mass eigenstates after EW SSB

b′L =(V ′†dL)33bL + (V ′†dL)32sL + ... ' bL + (V ′†dL)32sL

µ′L =(V ′†eL)22µL + ... ' µL

Assuming (V ′†eL)22 ≈(V ′†dL)33 ≈1 and |(V ′†dL)32| ≈ |Vts| ≈ 0.04
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