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Motivation

Despite its tremendous success, SM can be regarded as a low-energy

effective theory of a more fundamental theory

No direct evidence of NP either in Energy frontier or Intensity frontier

There are a few open issues, which can not be addressed in the SM

Existence of Dark Matter ⇒ New weakly interacting particles

Non-zero neutrino masses ⇒ Right-handed (sterile) neutrinos

Observed Baryon Asymmetry of the Universe ⇒ Additional CP

violating interactions

It is obvious that SM must be extended.

So the question is How to go beyond the SM and What is the underlying

fundamental theory ?

Hopefully, Flavour Physics will provide us some light in this direction
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Possible ways to search for New Physics

Searches for NP signature can be performed in two ways

The first one is through direct production of new particles in colliders.

The second method exploits the presence of virtual states in the decays of

SM particles.

Due to QM, the intermediate states can

be much heavier than the initial and

final particles and can affect the decay

rate as well as the angular distributions.
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Possible ways to search for New Physics

The most familiar example is the beta

decay process that probes physics at

the W boson scale.

Flavour observables are quite sensitive to high energy scales through

virtual effects

Mismatch between expt results

with SM predictions hints

towards existence of NP.

Flavour physics can probe NP

at much higher scale than the

direct searches at coliders
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Importance of Flavour Physics

Flavour Physics encompasses many of the open questions of the Standard

Model

Why there are 3-generations of

quarks with hierarchical masses

Why the Quark and Lepton mixing matrices are so different

Most importantly, Flavour Physics serves as a tool to discover New

Physics beyond the SM.

Three Pillars of Flavour Physics:

The CKM mixing matrix and the Unitarity Triangle

Neutral Meson Mixing (M0 −M0)

Rare decays: Flavour Changing Neutral Current transitions

(b → s, d)
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Key Ingredient of Flavour Physics

The unitary CKM matrix VCKM relates the weak eigenstates of d-type

quarks to the corresponding mass eigenstatesd ′

s ′

b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


d

s

b


In the standard parametrization, VCKM is:1 0 0

0 c23 s23
0 −s23 c23


 c13 0 s13e

−iδCP

0 1 0

−s13e
iδCP 0 c13


 c12 s12 0

−s12 c12 0

0 0 1


Jarlskog Invariace: J = Im(VusVcbV

∗
ubV

∗
cs) = O(10−5)

The CKM paradigm explains CP violation but it is really not sufficient to

explain the matter-antimatter asymmetry of the Universe.
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CKM Unitarity Triangle

The unitarity condition of CKM

matrix:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

SM analysis shows very good

overall consistency, but still it

allows NP ∼ 10%

Precise determination of the apex of the UT is essential to test the SM
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Results from B Sector

CP violation in B system is established, CKM Mechanism is the source of

CPV ⇒ Kobayashi and Maskawa got the Nobel Prize in 2008.

Data from B factories are impressive agreement with SM prediction.

O(20%) NP contributions to most loop-level processes (FCNC) are still

allowed

No clear signal of New Physics, but there are several tensions at the level

of (3− 4)σ

Next-generation flavour experiments will improve the sensitivity by almost

one order

Overall, the NP sensitivity extends to

TeV region for SM-like flavour violation

(10-100) TeV in less constrained cases
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Lepton Flavour Universality a key ingredient of SM

In the SM, the couplings of the gauge bosons to leptons are independent

of the lepton flavour

Equal couplings of the W and Z bosons to electrons, muons and taus

Yukawa sector breaks the universality, e.g.,

LSM ⊃ Y E
ij L

i
LE

j
RH + h.c =⇒ me ̸= mµ ̸= mτ

LFU is enforced in the SM by construction and any violation of it would

be a clear sign of physics beyond the SM.

Over the years, LFU violation has been searched in several other system

(Z → ℓℓ, W → ℓν, J/ψ → ℓℓ, π → ℓν, K → (π)ℓν, · · · )

These measurements provide very strong limit on lepton non-universality

in the EW sector.

9 / 50



Quick Recap of Recent Anomalies in B-sector

However, in last few years there are several measurements, which do not

agree with the SM predictions.

These deviations are not statistically significant enough to claim the

discovery of NP. At the same time, they are not weak enough to be

completely ignored.

They may be considered as smoking-gun signals of possible NP.

Some of these are:

RD(∗) Anomaly (b → cℓν): NP in charged currents

Deviations in b → sµµ: P ′
5, BR(B → K (∗)µµ), Bs → ϕµµ (NP in

FCNC transitions)

RK (∗) Anomaly (Dissolved with the recent data)

These anomalies may guide us how to probe or go beyond the SM
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Recent anomalies in the B sector

1 RD(∗)

RD(∗) =
Br
(
B̄ → D(∗)τ ν̄τ

)
Br
(
B̄ → D(∗)ℓν̄ℓ

) , RExpt

D(∗) > RSM
D(∗)

RWA
D = 0.441± 0.060± 0.066 , RWA

D∗ = 0.281± 0.018± 0.024

RSM
D = 0.299± 0.003 , RSM

D∗ = 0.258± 0.005 .

RD and RD∗ exceed SM predictions by 1.4σ and 2.8σ. With ρ = −0.43,

the discrepancy is 3.2σ between Expt and SM results.
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About 3σ deviation from SM prediction, seen in 3 different expts with

different tagging methods (hadronic and semileptonic).

Measurements are consistent with e/µ universality RExp
D = 0.995(45),

RExpt
D∗ = 1.04(5)

In addition Belle also has measured

PD∗
τ |Expt = −0.38± 0.51+0.21

−0.16, (SM : −0.497± 0.01)

FD∗
L |Expt = 0.60± 0.08± 0.04, (SM : 0.46± 0.04) (1.6σ discrepancy)

LHCb result on RJ/ψ

RJ/ψ =
BR(Bc → J/ψτν)

BR(Bc → J/ψµν)
= 0.71± 0.17± 0.18

has about 2σ deviation from its SM value RJ/ψ = 0.283± 0.048.

10% enhancement of the tau SM amplitude ⇒ LUV in b → cτν as

Λ ≃ 3 TeV (Tree level NP)
Vcb

v 2
vs.

1

Λ2

12 / 50



2 RK (∗)

Analogously, one can define the LFU observables in FCNC

transitions b → sℓℓ, which loop and CKM suppressed in SM

RK (∗) =
Br(B → K (∗)µµ)

Br(B → K (∗)ee)

SM expectation is RK (∗) ≃ 1

Has been the center of attraction ever since the first

measurement of RK by LHCb in 2014.
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Summary of RK measurement pre-Dec, 22

RK = 0.846+0.044
−0.041 which shows 3.1σ deviation from SM (LHCb Collab.

2103.11769)
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Latest LHCb result on RK measurement [arXiv: 2212.09152,

arXiv: 2212.09153]

In Dec, 22 LHCb released a reanalysis of RK (∗) measurements including

expt. systematics and a tighter selection for electrons

LHCb has decreed that the reanalysis supplants previous results

The four measurements of RK (∗) actually compatible with SM

RK[0.1,1.1]
= 0.994+0.090

−0.082 (stat)+0.029
−0.027 (syst),

RK∗
[0.1,1.1]

= 0.927+0.093
−0.087 (stat)+0.036

−0.035 (syst),

RK[1.1,6]
= 0.949+0.042

−0.041 (stat)+0.022
−0.022 (syst),

RK∗
[1.1,6]

= 1.027+0.072
−0.068 (stat)+0.027

−0.026 (syst).
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Dynamics for B0 → K ∗0µ+µ−

The decay distribution of B0 → K∗0(→ Kπ)ℓℓ described by 3 angles (θl , θK , ϕ)

and q2

1

d(Γ + Γ̄)/dq2

d4(Γ + Γ̄)

dq2dΩ⃗
=

9

32π

[3
4
(1− FL) sin

2 θK + FL cos
2 θK

+
1

4
(1− FL) sin

2 θK cos 2θl − FL cos
2 θK cos 2θl

+S3 sin
2 θK sin2 θl cos 2ϕ+ S4 sin 2θK sin 2θl cosϕ

+S5 sin 2θK sin θl cosϕ+
4

3
AFB sin2 θK cos θl

+S7 sin 2θK sin θl sinϕ+ S8 sin 2θK sin 2θl sinϕ

+S9 sin
2 θK sin2 θl sin 2ϕ

] Ω⃗ =

(cos θl , cos θk , ϕ)

P ′
4,5,8 =

S4,5,8√
FL(1− FL)

, P ′
6 =

S7√
FL(1− FL)
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FFI observables in B0 → K ∗0ℓℓ

3 P ′
4,5

LHCb: PRL 125, 011802

(2020)

ATLAS Results show

∼ 2.7σ deviation

17 / 50



FFI Observables in B∗+ → K ∗+µ+µ−
PRL 126, 161802 (2021)

3σ deviation for P2 in [6-8] GeV2 bin, while P ′
5 broadly agrees with the

deviation observed in B0 → K∗0µ+µ−.

Considering 20% deficit in SM muon channel

Λ ≃ 30 TeV (Tree level NP)
Vts

(4π)2v 2
vs.

1

Λ2

Λ ≃ 3 TeV (One− loop NP)
Vts

(4π)2v 2
vs.

1

(4π)2Λ2

18 / 50



Differential decay rates of b → sµ+µ− deacy modes

Data consistently below SM predictions, particularly at low-q2 region

Tension at the level of (1-3)σ, sizable hadronic theory uncertainties
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Anomalies in b → sνν̄ transition (2311.14647)

Recently Belle II reported the BR for B+ → K+νν̄ using 362 fb−1 data

with Hadronic and Inclusive Tagging

B(B+ → K+νν̄) = (2.3± 0.5(stat)+0.5
−0.4(syst))× 10−5

which has 2.7σ deviation with the SM result.

Combining this with previous data gives the new world average:

B(B+ → K+νν̄) = (1.3± 0.4)× 10−5

Precise SM prediction, does not suffer much from hadronic uncertainties

B(B+ → K+νν̄) = (5.58± 0.37)× 10−6 (HPQCD Collab)

including the long distance contributions (0.61± 0.06)× 10−6.

Attractive scenarios: Additional decay channels with undetected final

states, e.g., sterile neutrinos, dark matter, long-lived particles

Light sterile neutrinos are well motivated and occur numerous minimal

extension of SM
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Summary of B → Kνν̄ Measurements
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List of Anomalies in Flavour sector

22 / 50



List of Anomalies in Flavour sector
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How to address the Anomalies in b sector

As seen, the NP scales are quite different for the CC b → cℓν and NC

b → sℓℓ transitions if the effect of NP is considered at tree level for both

the processes. So tree level contribution with single mediator like W ′ for

b → c and Z ′ for b → s will not work.

However, if NP contributions arise at tree level for CC and at loop-level

for NC, then the scale could be same for both processes

First step: To construct effective Lagrangian which might explain

experimental data

Next, to find the new particles which can mimic effective Lagrangian

Need to check all other low energy flavour constraints, electroweak

observables, including direct searches for NP at LHC

Construct the consistent model for NP of your choice !
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Effective Field Theory Approach

In order to explain these deviations, one can perform a model-independent

analysis by considering the relevant effective Hamiltonian

Additional NP contributions are often assumed to be real, as there have

been no signs of CP violation in these processes.

Under these assumptions, a specific scenario of NP is defined by adding

NP contributions to some of the Wilson coefficients

Ci = CSM
i + CNP

i
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Effective Field Theory Approach for b → cτ−ν̄τ

The effective Hamiltonian responsible for the CC b → cτ ν̄l quark level

transitions is

HCC
eff =

4GF√
2
Vcb

[ (
δlτ + C l

VL

)
Ol

VL
+ C l

VR
Ol

VR
+ C l

SLO
l
SL + C l

SRO
l
SR + C l

TOl
T

]
The corresponding dimension-six effective operators are given as

Ol
VL

= (c̄Lγ
µbL) (τ̄LγµνlL) , Ol

VR
= (c̄Rγ

µbR) (τ̄LγµνlL) ,

Ol
SL = (c̄RbL) (τ̄RνlL) , Ol

SR = (c̄LbR) (τ̄RνlL) ,

Ol
T = (c̄Rσ

µνbL) (τ̄RσµννlL)
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Global Fit to NP Couplings

Global fits are performed by various groups including the measurements

on RD , RD∗ , q2 deferential distribution, FD∗
L , B(Bc → τν).

1903.10486,1910.09269, 2002.05726, 2002.07272, 2004.10208 · · ·
In addition to global minima there are are also local minima.

1904.09311
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Bottom line

OVL has the same Lorentz structure as SM hence RD and RD∗

proportional to (1 + CVL)
2: Preferred scenario

OVR : RD ∝ (1 + CVR )
2 whereas RD∗ ∝ (1− CVR )

2, hence not possible to

find a common solution to both RD and RD∗ .

OSL and OSR predict large branching ratio for Bc → τν, hence

constrained by Bc lifetime.

Large value of tensor operator predicts small FD∗
L but provides a decent

description to data. However, such operators not easily generated by NP

theories at EW scale. In some cases they appear due to RG evolution from

EW scale to b quark scale, with strong correlation with scalar operators
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Effective Field Theory Approach for b → sℓℓ

Compared to b → cℓνℓ, b → sℓℓ transitions are richer due to large no of

observables

The effective Hamiltonian describing b → sℓ+ℓ− process

Heff = −4GF√
2
VtbV

∗
ts

[
6∑

i=1

Ci (µ)Oi +
∑

i=7,9,10,S,P

(
Ci (µ)Oi + C ′

i (µ)O′
i

)]
.

29 / 50



Effective Lagrangian for b → sℓ−ℓ+

The effective Hamiltonian mediating the NC leptonic/semileptonic

b → sℓ+ℓ−

HNC
eff = −4GF√

2
VtbV

∗
ts

[
6∑

i=1

Ci (µ)Oi +
∑

i=7,9,10,S,P

(
Ci (µ)Oi + C ′

i (µ)O′
i

)]
.

where Oi ’s are the dimension-six operators:

O(′)
7 =

αem

4π

[
s̄σµν

(
msPL(R) +mbPR(L)

)
b

]
Fµν ,

O(′)
9 =

αem

4π

(
s̄γµPL(R)b

)
(ℓ̄γµℓ) , O(′)

10 =
αem

4π

(
s̄γµPL(R)b

)
(ℓ̄γµγ5ℓ) ,

O(′)
S =

αem

4π

(
s̄PL(R)b

)
(ℓ̄ℓ) , O(′)

P =
αem

4π

(
s̄PL(R)b

)
(ℓ̄γ5ℓ) ,

The primed as well as (pseudo)scalar operators are absent in the SM and

can be generated only in the BSM theories.
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Grobal-fit Results (1D)

Good fits obtained along the direction CNP
9µ = −CNP

10µ , arises naturally in

models obeying SU(2)L invariance

Best fit values for new WCs: 2104.08921
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Status of New Physics with updated data [arXiv: 2212.10497]

The updated results are fully compatible with SM predictions, no longer

provide evidence of a µ/e universality violation

The global fit results in (C bsµµ
9 ,C bsµµ

10 ), assuming no NP in the electron

channel
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Slight tension between the best-fit regions preferred by LFU ratios and

the b → sµµ observables

This tension can be resolved in the presence of LFU NP, which

contributes only to b → sµµ but not RK∗

Case-I: (Cuniv
9 ,∆C bsµµ

9 = −C bsµµ
10 ),

where C bsµµ
9 = Cuniv.

9 +∆C bsµµ
9 and C bsee

9 = Cuniv
9

The best-fit values are

Cuniv.
9 = −0.64± 0.22

∆C bsµµ
9 = −C bsµµ

10 = −0.11± 0.06

33 / 50



Gauged Lµ − Lτ Model with Scalar LQ S1(3̄, 1, 1/3)

The SM has accidental U(1) global symmetries like B and L no.

conservation

However, they become anomalous if promoted into a local one

The anomaly free situation can be obtained if instead of considering B

and L separately, some combinations between them, e.g., B − L, Le − Lµ,

Le − Lτ or Lµ − Lτ

For the anomaly cancellation of local B − L models, one requires 3 RHNs

with appropriate B − L charges

However, for Lα − Lβ anomaly cancellation does not require any extra

chiral fermionic degrees of freedom.

U(1))Lµ−Lτ is less constrained, as the extra Z ′ does not couple to

electrons and quarks, ⇒ free from any constraints from lepton and

hadron colliders
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Particle Content of Lµ − Lτ model (RM et al, PRD 105, 015033)

Field SU(3)C × SU(2)L × U(1)Y U(1)Lµ−Lτ Z2

Fermions QL ≡ (u, d)TL (3, 2, 1/6) 0 +

uR (3, 1, 2/3) 0 +

dR (3, 1,−1/3) 0 +

ℓL ≡ eL, µL, τL (1, 2,−1/2) 0, 1,−1 +

ℓR ≡ eR , µR , τR (1, 1,−1) 0, 1,−1 +

Ne ,Nµ,Nτ (1, 1, 0) 0, 1,−1 −
Scalars H (1, 2, 1/2) 0 +

η (1, 2, 1/2) 0 −
ϕ2 (1, 1, 0) 2 +

S1 (3̄, 1, 1/3) −1 −
Gauge bosons W i

µ (i = 1, 2, 3) (1, 3, 0) 0 +

Bµ (1, 1, 0) 0 +

Vµ (1, 1, 0) 0 +

Table: Fields and their charges of the proposed U(1)Lµ−Lτ model.
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Lagrangian of the Model

The Lagrangian of the present model can be written as

LG = −1

4

(
ŴµνŴ

µν + B̂µνB̂
µν + V̂µνV̂

µν + 2 sinχB̂µνV̂
µν
)
,

Lf = −1

2
MeeNc

eNe −
fµ
2

(
Nc
µNµϕ

†
2 + h.c.

)
− fτ

2

(
Nc
τNτϕ2 + h.c.

)
−1

2
Mµτ (Nc

µNτ + Nc
τNµ)−

∑
l=e,µ,τ

(Yll(ℓL)l η̃NlR + h.c)

−
∑

q=d,s,b

(yqR d c
qRS1Nµ + h.c.),

LG−f = −gµτµγ
µµV̂µ + gµττγ

µτ V̂µ − gµτνµ γ
µ(1− γ5)νµV̂µ

+gµτντ γ
µ(1− γ5)ντ V̂µ−gµτNµV̂µγ

µγ5Nµ + gµτNτ V̂µγ
µγ5Nτ ,

LS =

∣∣∣∣(i∂µ − g

2
τ a · Ŵa

µ − g ′

2
B̂µ

)
η

∣∣∣∣2 + ∣∣∣∣(i∂µ − g ′

3
B̂µ + gµτ V̂µ

)
S1

∣∣∣∣2
+
∣∣∣(i∂µ − 2gµτ V̂µ

)
ϕ2

∣∣∣2 − V (H, η, ϕ2, S1).
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Scalar potential

The scalar potential V is expressed as

V (H, η, ϕ2, S1) = V (H) + µ2
ηη

†η + λHη(H
†H)(η†η) + λη(η

†η)2

+ λ′
Hη(H

†η)(η†H) +
λ′′
Hη

2

[
(H†η)2 + h.c.

]
+ µ2

ϕ(ϕ
†
2ϕ2) + λϕ(ϕ

†
2ϕ2)

2

+ µ2
S(S1

†S1) + λS(S1
†S1)

2 +
[
λHϕ(ϕ

†
2ϕ2) + λHS(S

†
1 S1)

]
(H†H)

+ λSϕ(ϕ
†
2ϕ2)(S1

†S1) + ληϕ(ϕ
†
2ϕ2)(η

†η) + λSη(S1
†S1)(η

†η).

SSB occurs when the scalars get their VEVs: ⟨ϕ2⟩ = v2√
2
, ⟨H⟩ = v√

2
,

SU(2)L × U(1)Y × U(1)Lµ−Lτ =⇒ SU(2)L × U(1)Y =⇒ U(1)em

We have µ2
η, µ

2
S > 0 and the masses of the SLQ and inert doublet η are

M2
S1 = 2µ2

S + λHSv
2 + λSϕv

2
2 ,

M2
ηc = µ2

η + λHηv
2/2 + ληϕv

2
2 /2,

M2
ηr,i = µ2

η +
(
λHη + λ′

Hη ± λ′′
Hη

)
v 2/2 + ληϕv

2
2 /2.
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Gauge mixing

For the mixing of U(1)Y and U(1)Lµ−Lτ gauge bosons, we consider the

GL(2,R) transformation(
B̄µ
V̄µ

)
=

(
1 sinχ

0 cosχ

)(
B̂µ
V̂µ

)
.

Thus, the mass matrix of gauge fields in the basis
(
W 3
µ, B̄µ, V̄µ

)
as

M2
G =

 1
8
g 2v 2 − 1

8
gg ′v 2 1

8
gg ′ tanχv 2

− 1
8
gg ′v 2 1

8
g ′2v 2 − 1

8
g ′2 tanχv 2

1
8
gg ′ tanχv 2 − 1

8
g ′2 tanχv 2 2g 2

µτ secχ
2v 2

 .

Diagonalization of M2
G gives the masses of the physical gauge bosons

M2
Z = M2

ZSM
cosα2 − δM2 sin 2α+M2

V̄ sinα2,

M2
Z ′ = M2

ZSM
sinα2 + δM2 sin 2α+M2

V̄ cosα2,

α =
1

2
tan−1

[
2 δM2

M2
V̄
−M2

ZSM

]
.
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Scalar and Fermion mixing

The CP-even scalars h and h2 as well as the heavy fermion states Nµ and

Nτ mix with the mixing matrices given as

M2
H =

(
2λHv

2 λHϕvv2
λHϕvv2 2λϕv

2
2

)
, MN =

(
1√
2
fµv2 Mµτ

Mµτ
1√
2
fτv2

)
.

One can diagonalize the above mass matrices using a 2× 2 rotation

matrix

UT
ζ M

2
HUζ = diag [M2

H1
,M2

H2
], UT

βMNUβ = diag [M−,M+],

with ζ = 1
2
tan−1

(
λHϕvv2

λϕv 2
2 − λHv 2

)
, β = 1

2
tan−1

(
2Mµτ

(fτ − fµ)(v2/
√
2)

)
.

The lightest fermion mass eigenstate N− considered as probable DM

candidate, and MH1 as the SM Higgs

MS1 M+ MH1
MH2

sinβ sin ζ χ α× 104

1200 500 125 500 1/2 10−3 − 10−2 10−3 4.83− 4.85

Table: Values of the model parameters used in the analysis (masses

are in GeV). 39 / 50



Dark Matter Relic Abundance

The relic density of the light DM (N−) is computed via freeze-out mechanism

through the following decay channels:

N−N− → µµ, ττ , νµνµ, ντντ (s channel Z ′ and η portal)

→ dd , ss (t channel SLQ(S1) portal)

DM relic density is computed by

Ωh2 =
2.14× 109GeV−1

g ∗1/2 MPl

1

J(xf )
, J(xf ) =

∫ ∞

xf

⟨σv⟩(x)
x2

dx .

where x = M−/T and xf is the freeze out parameter.

MZ' = 3 GeV

MZ' = 4 GeV
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Detection prospects

SLQ portal spin-dependent (SD) cross section can arise from the effective

interaction

LSD
eff ≃

y2
qR cos2 β

4(M2
S1

−M2
−)

(N−γµγ5N−)(qγµγ
5q) ,

and the computed cross section is given as

σSD =
µ2
r

π

cos4 β

(M2
S1

−M2
−)2

[
y2
dR∆d + y2

sR∆s
]2

Jn(Jn + 1).

The WIMP-nucleon cross section via (Z , Z ′) portal and ( H1, H2) portal is

found to be very small and insensitive to direct detection experiments.
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Constraints from Flavour sector

Model parameters of LQ and Z ′ couplings can be constrained using RK (∗) and

Br(B → Xsγ).

The effective Hamiltonian mediating b → sl+l− is

Heff = −
4GF√

2
VtbV

∗
ts

[
6∑

i=1

Ci (µ)Oi +
∑

i=7,9,10

(
Ci (µ)Oi + C ′

i (µ)O
′
i

)]
,

O
(′)
7 =

e

16π2

[
s̄σµν

(
msPL(R) +mbPR(L)

)
b
]
Fµν ,

O
(′)
9 =

αem

4π
(s̄γµPL(R)b)(l̄γµl) , O

(′)
10 =

αem

4π
(s̄γµPL(R)b)(l̄γµγ5l) ,

Following one loop diagrams provide non-zero contribution to the rare b → sll

processes (2nd and 3rd diagrams ∝ mqM±/M2
S1
)

S1

b s

N−, N+ N−, N+

Z′

l l̄

1

N−, N+

b s

S1 S1

H1,H2

l l̄

1

S1

b s

N−, N+ N−, N+

H1,H2

l l̄

1
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Z ′ exchange penguin diagram gives the transition amplitude of b → sll process

M =
1

25π2

y2
qRg

2
µτ

(q2 −M2
Z ′ )

Vsb(χ−, χ+)
[
ū(pB)γ

µ(1 + γ5)u(pK ))
][

v̄(p2)γµu(p1))
]
,

which provides additional primed Wilson coefficient

C ′NP
9 =

√
2

24πGFαemVtbV
∗
ts

y2
qRg

2
µτ

(q2 −MZ ′ 2)
Vsb (χ−, χ+) ,

Vsb (χ−, χ+) is the loop function and χ± = M2
±/M2

S1
.

As only C ′NP
9 involves, Bs → µµ(ττ) won’t play any role in constraining the

new parameters.

Absence of Z ′µτ coupling ⇒ LFV decays like B → K (∗)µτ , τ → µγ and

τ → 3µ are not allowed
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Thus, using RK/RK∗ and Br(B → Xsγ) observables, the gµτ , MZ ′ and the

yqR , M− allowed regions are shown below

CC
FR

BA
BA
R

DU
NE(g

-2
) μ

(3
σ
)

1 2 3 4 5 6

0.002

0.004

0.006

0.008

0.010

MZ' [GeV]

g
μ
τ

0.0 0.5 1.0 1.5 2.0 2.5

0.001

0.010

0.100

1

M- [GeV]

y
q
R

The allowed range of all the four new parameters consistent with flavor

phenomenology

Parameters yqR gµτ M− (GeV) MZ ′ (GeV)

Allowed range 0− 2.0 0− 0.01 0− 2.5 1− 6

Table: The allowed regions of yqR , gµτ , M− and MZ ′ parameters.
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Footprints on b → s+ ̸E decay modes

In SM, b → s+ missing energy can be described by the b → sνν̄

The effective Hamiltonian in SM

Heff =
−4GF√

2
VtbV

∗
ts (C

ν
L Oν

L + CνROν
R) + h.c.,

where

Oν
L =

αem

4π
(s̄RγµbL) (ν̄γ

µ (1− γ5) ν) , Oν
R =

αem

4π
(s̄LγµbR) (ν̄γ

µ (1− γ5) ν) ,

CνL = −X (xt)/ sin
2 θw , X (xt) = X0(xt) +

αs

4π
X1(xt),
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The branching ratios of B(s) → K∗(ϕ)νν̄ and their corresponding

experimental limits are

Decay process BR in the SM Experimental limit

B0 → K 0νl ν̄l (4.53± 0.267)× 10−6 <2.6× 10−5

B+ → K+νl ν̄l (4.9± 0.288)× 10−6 <1.6× 10−5

B0 → K∗0νl ν̄l (9.48± 0.752)× 10−6 <1.8× 10−5

B+ → K∗+νl ν̄l (1.03± 0.06)× 10−5 <4.0× 10−5

Bs → ϕνl ν̄l (1.2± 0.07)× 10−5 <5.4× 10−3

In this model, the additional process involved is

b → s +missing energy = b → sνν + b → sN−N−

46 / 50



Footprints on b → s+ ̸E decay modes

The relevant one-loop diagram for b → sN−N− is

S1

b s

N−, N+ N−, N+

Z′

N− N−

1

Thus, e.g., the amplitude of B → KN−N− process from the Z ′

exchanging diagram is

M = CNP(q2)[ū(pB)γ
µ(1 + γ5)u(pK ))][v̄(p2)γµu(p1))]

where

CNP(q2) =
1

25π2

y 2
qRg

2
µτ cos 2β cosα secχ

q2 −M2
Z ′

Vsb(χ−, χ+) ,
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Predicted Results for b → s+ ̸E decay modes

We use two sets of benchmark values of new parameters, allowed by both

the DM and flavor phenomenology

Benchmark yqR gµτ M− (GeV) MZ ′ (GeV)

Benchmark-I 2.0 0.002 1.7 4

Benchmark-II 2.0 0.008 1.8 4.8

Table: Benchmark values of yqR , M−, gµτ and MZ ′ parameters

used in our analysis.
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Predicted Results for b → s+ ̸E decay modes

For Benchmark-I, there is a singularity at q2 = M2
Z ′ , i.e., q2 = 16 GeV2.

To avoid it, we use the cuts at (MZ ′ − 0.002)2 ≤ q2 ≤ (MZ ′ + 0.002)2

GeV2.

Br(b → s ̸E) Benchmark-I Benchmark-II Experimental Limit

Br(B0 → K 0 ̸E) 0.645× 10−5 0.457× 10−5 < 2.6× 10−5

Br(B+ → K+ ̸E) 0.697× 10−5 0.516× 10−5 < 1.6× 10−5

Br(B0 → K∗0 ̸E) 1.271× 10−5 0.981× 10−5 < 1.8× 10−5

Br(B+ → K∗+ ̸E) 1.381× 10−5 1.066× 10−5 < 4.0× 10−5

Br(Bs → ϕ ̸E) 1.618× 10−5 1.24× 10−5 < 5.4× 10−3

Table: The predicted branching ratios of b → s ̸E processes for two

different benchmark values of new parameters.
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Summary

Current anomalies in the Flavor sector provide an ideal platform to look

for New Physics.

They have huge impact on model building and also in the searches new

particle like Leptoquarks and Z ′.

Building a viable model which accommodates the observed B anomalies

and consistent with all other measured flavor observables is difficult.

Models with leptoquarks seem to address the anomalies along with some

additional assumptions.

Thank you for your attention!
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