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The Standard Model
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The Standard Model
• Fermions


•  6 flavors of quarks and leptons


• 3 generations


• Gauge bosons


• Photon ( ), 


• Scalar


• Higgs

γ W+, Z, g
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Is everything charted?



5

Observed anomalies

Dark matter
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the quarks and leptons interaction with the gauge 
bosons


Parameterized by , , gY g2 g3
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Flavor structure in the SM

Breaks electro-weak symmetry 


Generates mass to , 

SU(2)L × U(1)Y

W± Z

Generates mass to the quarks and leptons


Mixing of quarks



Physical basis are the mass basis



|u⟩f = Uuu |u⟩m + Uuc |c⟩m + Uut | t⟩m

|d⟩f = Ddd |d⟩m + Dds |s⟩m + Ddb |b⟩m
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Flavor structure in the SM: quarks
 ,     


         

uf,i = Uij um, j df,i = Dij dm, j

i = 1,2,3




      

g2

2
W+(U†D)ijūi γμdj + h . c

+
g2

2
Z(U†U)ijūi γμuj +

g2

2
Z(D†D)ijd̄i γμdj

 Flavour changing neutral current are 
absent at the tree level
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Flavor structure in the SM: quarks
  VCKM ≡ U†D


      

g2

2
W+(U†D)ijūi γμdj + h . c

+
g2

2
Z(U†U)ijūi γμuj +

g2

2
Z(D†D)ijd̄i γμdj

  can induce flavor change among the 
quarks


 is the source of flavor violation 
among the quarks

W±

VCKM



Right handed neutrinos are absent


 Only 1 Yukawa matrix


 Does not mix different family


         


⟹

⟹
g2

2
W+δijēi γμνj + h . c
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Flavor structure in the SM: leptons vs quarks

 Lepton Flavor Universality (LFV) 


              

⟹

g2,e = g2,μ = g2,τ



Confinement: hadronization of quarks


 Observables during rare decays of meson⇒
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Lepton Flavor Universality Test

RK =
BR(B+ → K+μ−μ+)
BR(B+ → K+e−e+)

SM prediction: 

Up to phase space corrections

RK = 1



Branching Fractions: B(Bs → μ−μ+)
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Other observables

Angular observables



Anomalies caused by the New Physics (NP)


Parameterizing the new physics (NP) in 
terms of four-fermion contact interaction


      


               

ℋeff = −
4GF

2
VtbV*ts ∑

i,l

(Cl
iO

l
i + C′ l

i O′ l
i ) + H.c. ,

O(′ )μ
9 =

e2

16π2
(s̄γρPL(R)b)(μ̄γρμ),

O(′ )μ
10 =

e2

16π2
(s̄γρPL(R)b)(μ̄γργ5μ)
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Model-independent approach

g2

8m2
W

⟶
GF

2
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flavio
Bs ! µµ 1æ

RK & RK§ 1æ, 2æ

b ! sµµ 1æ, 2æ

rare B decays 1æ, 2æ



 Generic  coupling for the flavor anomalies




   


Z′ 

ℒ ⊃ Z′ ρ (gsb
L s̄γρPL b + gsb

R s̄γρPR b + gμμ
L μ̄γρPL μ + gμμ

R μ̄γρPR μ) + H.c.

Cμ
9,NP = − 2

gsb
L gμμ

V

VtbV*ts ( Λv

mZ′ 
)

2

Cμ
10,NP = − 2

gsb
L gμμ

A

VtbV*ts ( Λv

mZ′ 
)

2

gμμ
V = (gμμ

L + gμμ
R )/2 , gμμ

A = (gμμ
R − gμμ

L )/2 , Λv = ( π

2GFαem )
1/2
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Minimal  modelsZ′ 

Only marginal improvement in the 
fit with  and C′ 9 C′ 10

Kowalska, Kumar, Sessolo, arXiv: 1903.10932 

 is an effective coupling:


 ,


            


gsb
L

ℒ ⊃ − λQ,iSQ′ qi − mQ Q′ Q + H.c.

⇒ gsb
L ≈ ± gXQS

2 mQ λQ,2 λQ,3 v2
S

(2m2
Q + λ2

Q,2 v2
S) 2 m2

Q + (λ2
Q,2 + λ2

Q,3) v2
S

gsb
R ≈ 0


S : (1, 1,0,QS) ,
Q : (3, 2,1/6,QS) Q′ : (3̄, 2̄, − 1/6, − QS) ,

SU(3) × SU(2)W × U(1)Y × U(1)X

gsb
L ∼



Model 2: Direct lepton coupling with                
 Symmetry





Lμ − Lτ

gμμ
V = gX gμμ

A = 0
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Minimal  modelsZ′ 

Model 1: VL Lepton mixing




 ,          


ℒ ⊃ λ(*)
L,i S(*)L′ li + mLL′ L + H.c.

gμμ
L ≈ gX QL

λ2
L,2v2

S

2m2
L + λ2

L,2v2
S

gμμ
R ≈ 0



Model 1A:   
Model 1B:   

L : (1, 2, − 1/2,QL) L′ : (1, 2̄,1/2, − QL)
QL = QS
QL = − QS







l1 : (1, 2, − 1/2,0) eR : (1, 1,1,0)

l2 : (1, 2, − 1/2, 1) μR : (1, 1,1, − 1)

l3 : (1, 2, − 1/2, − 1) τR : (1, 1,1,1)

∼ gμμ
L = gX

∼ gμμ
L
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Minimal  modelsZ′ 

Model 1:  


Model 2:  

−0.53 ≤ Cμ
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Problem: The constraints are only on the ratios of mass/couplings?

 No prediction for the NP scale

Solution: Asymptotic safety?
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Landau pole:  


         Needs UV 

         completion

g(q) → ∞ as q → q0
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Asymptotic Safety
Coupling constants are scale dependent Asymptotic freedom: g(q) → 0 as q → ∞

Asymptotic safety: as {gi} → {g*i } q → ∞
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Asymptotic safety with gravity
Quantum-Gravitational contribution

In principle via FRG


Universal: Does not distinguish internal symmetry

Gauge coupling: 


Yukawa coupling: 

βg = βSM+NP
g − fgg

βy = βSM+NP
y − fyy

Daum, Harst, Reuter '09, Folkerst, Litim, Pawlowski '11, 
Harst, Reuter '11, Christiansen, Eichhorn '17, Eichhorn, 
Versteegen '17, Zanusso et al. '09, Oda, Yamada '15, 
Eichhorn, Held, Pawlowski '16, ...  and  are free parameters determined by 

matching low-energy data


Eg:       


FP: ;           

fg fy

βgY
=

139
30

g3
Y − fggY βgX

= 11g3
X − fggX

βi({gi})
g*i

= 0 ⟹ g*Y =
30

139
fg g*X = 11fg

Fixed point properties:


         


Stability Matrix           Critical Exponents

βi({gi}) = 0 Mij =
∂βi

∂gj {g*i }

⟶ {θi}



Couplings pertinent to flavor 
anomalies:


SM: 

NP: 


With 2 family approximation

g3, g2, gY, yb, yt, V33
gD, gϵ, λQ,2, λQ,3, λL,2
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Fixed Point Analysis

Predictions vary based on the 
models and the fixed points

CC values at k0 = 2 TeV

Relevant couplings

g*3 = g*2 = y*b = V*33 = 0

Irrelevant couplings







g*Y ≠ 0, y*t ≠ 0
g*D ≠ 0, g*ϵ ≠ 0
λ*Q,i ≠ 0, λ*L,2 ≠ 0



    Model 2


    Model 1B

⟹ mZ′ 
> 3.9 TeV

mZ′ 
> 4.7 TeV

Abhishek Chikkaballi 24

Phenomenology
Model 1B

Model 2

LHC 7 TeV

LHC 13 TeV
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Kinetic terms of gauge coupling:


ℒ ⊃ −

1
4

Wi
μνWiμν −

1
4

BμνBμν −
1
4

XμνXμν −
1
2

ϵ BμνXμν

ϵ =
gϵ

g2
y + g2

ϵ



Model 1A:

No direct constraint from kinetic mixing
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Phenomenology

λQ2 = 0.016 λQ2 = 0.803

Model 1A,b:


Collider searches:  mZ′ 
> 5 TeV



Model 1A,a:

Constraints by recasting SUSY particle searches
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Phenomenology



• U(1)' solutions to NC flavor anomalies embedded in a UV completion 
with asymptotic safety


• The RGE flow of "irrelevant" couplings from a UV fixed point gives 
IR predictions -> U(1) gauge couplings, kinetic mixing, Yukawa couplings


• Comparison with operators of the EFT restricts allowed mass ranges for Z' + 
VL fermions


• Enhanced predictive power w.r.t. pure pheno models -- direct LHC constraints 
bite deeply in parameter space


• Enticing detection prospects at Hi-Luminosity LHC
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Conclusion



Thank you

28


