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Flavor physics offers many opportunities to probe the fundamental nature of matter and their
interactions. The standard model (SM) of particle physics has a very unique flavor structure
which is being tested by precision measurements at flavor experiments. Deviations from the SM
predictions can point to new flavor structures and new states which can offer clues to the various
flavor puzzles in the standard model. Motivated by recent results and flavor anomalies, we will
focus on various processes that can reveal possible extension of the SM with new states such as
leptoquarks, diquarks, sterile neutrino and dark sectors.
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1. Introduction

In spite of the spectacular success of the standard model (SM), its flavor structure remains the
least understood. There is no explanation of the quark and lepton masses and mixing, including CP
violation. There is no understanding of the representations that the quarks and leptons come in or
the assumptions that are put in by hand such as the universality in the couplings of the quark and
lepton generations to the gauge interactions. Results from the various flavor physics experiments
can gives clues to the underlying flavor structure of new physics. Of particular interest are the flavor
anomalies that could be pointing to beyond the SM physics.

One of the outstanding puzzles of the flavor structure of the SM is the existence of three
families of quarks and leptons. In this context the discovery of the charm quark 50 years ago holds
a special significance. Following the discovery of the charm quark, the bottom and the top quarks
were discovered. In due time the three families in the lepton sector were also established. A crucial
theoretical motivation for the existence of the charm quark was the proposal of the GIM mechanism
by Glashow, Iliopoulos and Maiani (GIM) [1] to explain the suppressed rate for 𝐾𝐿 → 𝜇+𝜇−. The
GIM mechanism is also applicable to rare Flavor Changing Neutral Current ( FCNC) bottom and
strange quark decays. Crucial inputs in the GIM mechanism are the unitarity of the mixing matrices
in the quark and lepton sectors and the assumption of universal coupling of the gauge bosons to
the different families of quarks and leptons. Both these assumptions need to be tested and there are
already hints that there may be deviation from this expectation. The assumption of universal gauge
interactions of the leptons is under tension from results in semileptonic B decays known as the B
anomalies. We are going to start with a discussion on the present status of these anomalies.

1.1 B anomalies: 𝑅(𝐷) − 𝑅(𝐷∗) puzzle

The processes 𝐵̄ → 𝐷+ℓ−𝜈̄ℓ and 𝐵̄ → 𝐷∗+ℓ−𝜈̄ℓ with the leptons ℓ = 𝑒, 𝜇, 𝜏 are simple tree
level processes in the SM. For the 𝜏 lepton the matrix element for the process is

𝐴𝑆𝑀 =
𝐺𝐹√

2
𝑉𝑐𝑏

[
〈𝐷 (∗) (𝑝′) |𝑐𝛾𝜇 (1 − 𝛾5)𝑏 |𝐵̄(𝑝)〉

]
𝜏𝛾𝜇 (1 − 𝛾5)𝜈𝜏 .

There can be new physics contribution in these decays through the exchange of new mediators like
the charged Higgs, extra gauge bosons and leptoquarks. In Figure 1 are shown the contributions

Figure 1
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from the SM and a new physic model with scalar leptoquark exchange to these decays. Test of
lepton universality of the gauge interactions is measured through the following ratios

𝑅(𝐷) ≡ B(𝐵̄ → 𝐷+𝜏−𝜈̄𝜏)
B(𝐵̄ → 𝐷+ℓ−𝜈̄ℓ)

𝑅(𝐷∗) ≡ B(𝐵̄ → 𝐷∗+𝜏−𝜈̄𝜏)
B(𝐵̄ → 𝐷∗+ℓ−𝜈̄ℓ)

.

Over the years these ratios have shown deviation from the SM expectations[2] as shown Figure 2.
Including correlations, one finds that the deviation is at the level of 3.31𝜎 from the SM predictions.

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

Figure 2

This is known as the 𝑅(𝐷) − 𝑅(𝐷∗) puzzle.

1.2 NC FCNC: 𝑏 → 𝑠ℓ+ℓ−

The FCNC rare decays 𝑏 → 𝑠ℓ+ℓ−, as shown in Figure 3, are particularly sensitive to new
physics as they are loop induced. Precise measurements of the branching ratios and angular
distributions can be used to test the SM at loop level and find evidence for new physics. The basic
electroweak penguin processes are 𝑏 → 𝑠ℓ+ℓ−, 𝑏 → 𝑠𝜈𝜈̄ and 𝑏 → 𝑠𝛾 and the interactions are
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Figure 3

represented in terms of operators with the appropriate Wilson’s co-efficients

𝐻eff (𝑏 → 𝑠ℓℓ̄) = −𝛼𝐺𝐹√
2𝜋
𝑉𝑡𝑏𝑉

∗
𝑡𝑠

[
𝐶9 (𝑠𝐿𝛾𝜇𝑏𝐿)

(
ℓ̄𝛾𝜇ℓ

)
+ 𝐶10 (𝑠𝐿𝛾𝜇𝑏𝐿)

(
ℓ̄𝛾𝜇𝛾

5ℓ
)]
,

𝐻eff (𝑏 → 𝑠𝜈𝜈̄) = −𝛼𝐺𝐹√
2𝜋
𝑉𝑡𝑏𝑉

∗
𝑡𝑠 𝐶𝐿 (𝑠𝐿𝛾𝜇𝑏𝐿)

(
𝜈̄𝛾𝜇 (1 − 𝛾5)𝜈

)
,

𝐻eff (𝑏 → 𝑠𝛾∗) = 𝐶7
𝑒

16𝜋2 [𝑠𝜎𝜇𝜈 (𝑚𝑠𝑃𝐿 + 𝑚𝑏𝑃𝑅)𝑏] 𝐹𝜇𝜈 .

Over the last decade there has been a number of measurements of branching ratios and angular
observables involving the semileptonic decay 𝑏 → 𝑠ℓ+ℓ− (ℓ = 𝜇, 𝑒) that are in disagreement with
the predictions of the SM. Initially it appeared that only the 𝑏 → 𝑠𝜇+𝜇− decays were affected by new
physics and this was a clear evidence of lepton universality violating new physics. . However, in late
2022, LHCb announced that it had remeasured the ratios 𝑅𝐾 and 𝑅𝐾 ∗ , that test for lepton-flavour
universality, and found that they agree with the SM [3, 4]. At this point, though the branching
ratios and angular observables for 𝑏 → 𝑠𝜇+𝜇− processes are still discrepant from the SM the LUV
ratios seem to consistent with the SM indicating that new physics, if present, is lepton universal at
least in the muon and the electron sectors. Note that the branching ratios and angular observables
for 𝑏 → 𝑠𝜇+𝜇− processes can be explained by charm loop contribution though this framework
also has its theoretical challenges and can be tested with more data. Now the most promising new
physics explanation is that the NP contributes equally to 𝑏 → 𝑠𝜇+𝜇− and 𝑏 → 𝑠𝑒+𝑒− [5–7]. (A
model to generate equal contribution to 𝑏 → 𝑠𝜇+𝜇− and 𝑏 → 𝑠𝑒+𝑒− via four quark operators
was proposed much earlier [8].) The current status in the 𝑏 → 𝑠ℓ+ℓ− anomalies can be neatly
expressed by the following plots in Figure 4 [9]. In a model independent manner one can look
for Standard Model Effective Field Theory (SMEFT) operators that can generate the correct new
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Figure 28: Measured values of LU observables in B+! K+`+`� and B0! K⇤0`+`� decays and
their overall compatibility with the SM.

treatment of misidentified hadronic backgrounds in the electron mode are also evaluated
using pseudoexperiments. The biggest shift (0.064) is found to be due to the more stringent
PID, which enhances signal purity by the removal of contributions from processes that
were not previously modeled. Residual misidentified backgrounds are modeled in the
fit, resulting in a further shift (0.038) compared to the previous analysis. These shifts
add linearly. The systematic shift due to misidentified backgrounds to electrons, and
the uncertainties assigned to the results presented here, are greater than the systematic
uncertainties in the earlier publication of RK . The assigned systematic uncertainties on
the new measurements presented in this paper are smaller than in previous papers, except
for RK (central-q2) where the new result has a smaller overall relative uncertainty despite
an increase in the systematic uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic uncertainties and therefore
additional data will continue to challenge the Standard Model.
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Figure 4

operator definition chirality flavor structure
𝑄

(1)
ℓ𝑞

(ℓ̄𝑖𝛾𝜇ℓ 𝑗)(𝑞𝑘𝛾𝜇𝑞ℓ) (𝐿̄𝐿)(𝐿̄𝐿) 3323
𝑄

(3)
ℓ𝑞

(ℓ̄𝑖𝛾𝜇𝜏𝐼 ℓ 𝑗)(𝑞𝑘𝛾𝜇𝜏𝐼 𝑞ℓ) 3323
𝑄ℓ𝑑 (ℓ̄𝑖𝛾𝜇ℓ 𝑗)(𝑑𝑘𝛾𝜇𝑑ℓ) (𝐿̄𝐿)(𝑅̄𝑅) 3323
𝑄𝑞𝑒 (𝑞𝑖𝛾𝜇𝑞 𝑗) (𝑒𝑘𝛾𝜇𝑒ℓ) 2333
𝑄𝑒𝑑 (𝑒𝑖𝛾𝜇𝑒 𝑗)(𝑑𝑘𝛾𝜇𝑑ℓ) (𝑅̄𝑅)(𝑅̄𝑅) 3323

Table 1: The list of semileptonic SMEFT operators that can potentially generate an LFU O9ℓ at scale 𝑚𝑏 .

physics contribution ensuring lepton universality in the muon and electron sector. One kind of
structure involves operators with two quark and two lepton fields of the third generation. These
kind of operators can be generated by leptoquark or additional 𝑈 (1) gauge boson exchange ( 𝑍 ′

models). Another possibility, pointed out recently [10] are four quark operators that can arise in
models with diquarks or 𝑍 ′ models. In the tables below the two group of structures that can solve
the 𝑏 → 𝑠ℓ+ℓ− anomalies are shown.
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𝐶SMEFT (TeV−2) 𝐶U
9 𝐶U

10 𝐶 ′U
9 𝐶 ′U

10

[𝐶 (1)
𝑙𝑞

]3323 −0.23 ± 0.04 −1.20 − 𝑖0.022 −0.004 0 0
[𝐶 (3)
𝑙𝑞

]3323 −0.23 ± 0.04 −1.17 − 𝑖0.022 −0.021 0 0

[𝐶𝑞𝑒]2333 −0.22 ± 0.03 −1.16 − 𝑖0.022 −0.005 0 0

Table 2: Fit prefers 𝐶U
9 = −1.18 ± 0.19

𝐶SMEFT Δ𝑀𝑠 (×1011) 𝜅𝜀 𝜀′/𝜀 (×104) 𝑆𝜓𝜙

[𝐶 (1)
𝑞𝑞 ]1123 (1.15 ± 0.06) (

√
) −0.012 (

√
) 38.4 (?) 0.0369 ± 0.0019

[𝐶 (1)
𝑞𝑞 ]2223 (2.72 ± 0.10) (×) 0.11 (

√
) 15.8 (

√
) 0.0265 ± 0.0008

[𝐶 (3)
𝑞𝑞 ]1123 (1.16 ± 0.06) (

√
) −0.005 (

√
) 23.1 (

√
) 0.0369 ± 0.0019

[𝐶 (3)
𝑞𝑞 ]2223 (0.59 ± 0.05) (×) −0.04 (

√
) 17.8 (

√
) 0.0544 ± 0.0043

[𝐶 (1)
𝑞𝑑

]2311 (1.16 ± 0.07) (
√

) −0.75 (×) 13.9 (
√

) 0.0369 ± 0.0019
[𝐶 (1)
𝑞𝑑

]2322 (1.55 ± 0.07) (×) 0.75 (×) 13.9 (
√

) 0.0321 ± 0.0014
[𝐶 (1)
𝑞𝑑

]2333 (0.76 ± 0.06) (×) 0.0 (
√

) 13.9 (
√

) 0.0471 ± 0.0033
[𝐶 (8)
𝑞𝑑

]2311 (1.16 ± 0.06) (
√

) −15.0 (×) 12.8 (
√

) 0.0368 ± 0.0018
[𝐶 (8)
𝑞𝑑

]2322 (1.18 ± 0.05) (
√

) 14.3 (×) 12.8 (
√

) 0.0128 ± 0.0002
[𝐶 (8)
𝑞𝑑

]2333 (10.6 ± 0.5) (×) −0.001 (
√

) 12.8 (
√

) −0.0061 ± 0.0003
[𝐶 (1)
𝑞𝑢 ]2311 (1.15 ± 0.06) (

√
) 0.0 (

√
) 13.9 (

√
) 0.0369 ± 0.0018

[𝐶 (1)
𝑞𝑢 ]2322 (1.16 ± 0.06) (

√
) 0.0 (

√
) 13.9 (

√
) 0.0369 ± 0.0019

[𝐶 (8)
𝑞𝑢 ]2311 (1.15 ± 0.06) (

√
) 0.0002 (

√
) 13.9 (

√
) 0.0369 ± 0.0019

[𝐶 (8)
𝑞𝑢 ]2322 (1.15 ± 0.06) (

√
) −0.0003 (

√
) 13.9 (

√
) 0.0369 ± 0.0020

Table 3: Four-quark SMEFT WCs that generate the desired WET WCs: predictions for Δ𝑀𝑠 , 𝜅𝜀 and
𝜀′/𝜀,along with an indicator of whether the constraint is satisfied (

√
) or violated (×), or if there is a tension

(?).

1.3 Effective Interactions of the sterile neutrino

The existence of neutrino masses and mixing is a clear indication that the flavor structure of
the SM has to be extended. One popular extension proposes the existence of new sterile neutrino
states. The phenomenology of sterile neutrinos have been widely studied in neutrino experiments.
Models with sterile neutrinos can lead to charged lepton flavor violation and one can study these
decays in a model independent manner [11]. A recent interest is to study the phenomenology of the
sterile neutrino in a model independent manner. The basic idea is that sterile neutrinos might have
new interactions via the exchange of light or heavy mediators(Higgs, Vector Bosons, Leptoquarks).
Heavy mediators can be integrated out to get an effective theory: SMNEFT ( 𝜈SMEFT).

To lowest order in SMNEFT, the dimension-six 𝐵 and 𝐿 conserving SMNEFT Lagrangian is

𝐿SMNEFT ⊃ 𝐿SM + 𝑛̄/𝜕𝑛 +
∑︁
𝑖

C𝑖O𝑖 ,

where C𝑖 are the WCs with the scale of new physics absorbed in them, The 16 baryon and lepton

6
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(𝑅̄𝑅) (𝑅̄𝑅) ( 𝐿̄𝐿) (𝑅̄𝑅) ( 𝐿̄𝑅) (𝑅̄𝐿) and ( 𝐿̄𝑅) ( 𝐿̄𝑅)
Q 𝑛𝑑 (𝑛̄𝑝𝛾𝜇𝑛𝑟 ) (𝑑𝑠𝛾𝜇𝑑𝑡 ) Q 𝑞𝑛 (𝑞𝑝𝛾𝜇𝑞𝑟 ) (𝑛̄𝑠𝛾𝜇𝑛𝑡 ) Q ℓ𝑛ℓ𝑒 (ℓ̄ 𝑗𝑝𝑛𝑟 )𝜖 𝑗𝑘 (ℓ̄𝑘𝑠 𝑒𝑡 )
Q 𝑛𝑢 (𝑛̄𝑝𝛾𝜇𝑛𝑟 ) (𝑢̄𝑠𝛾𝜇𝑢𝑡 ) Q ℓ𝑛 (ℓ̄𝑝𝛾𝜇ℓ𝑟 ) (𝑛̄𝑠𝛾𝜇𝑛𝑡 ) Q (1)

ℓ𝑛𝑞𝑑
(ℓ̄ 𝑗𝑝𝑛𝑟 )𝜖 𝑗𝑘 (𝑞𝑘𝑠 𝑑𝑡 )

Q 𝑛𝑒 (𝑛̄𝑝𝛾𝜇𝑛𝑟 ) (𝑒𝑠𝛾𝜇𝑒𝑡 ) Q (3)
ℓ𝑛𝑞𝑑

(ℓ̄ 𝑗𝑝𝜎𝜇𝜈𝑛𝑟 )𝜖 𝑗𝑘 (𝑞𝑘𝑠𝜎𝜇𝜈𝑑𝑡 )
Q 𝑛𝑛 (𝑛̄𝑝𝛾𝜇𝑛𝑟 ) (𝑛̄𝑠𝛾𝜇𝑛𝑡 ) Q ℓ𝑛𝑢𝑞 (ℓ̄ 𝑗𝑝𝑛𝑟 ) (𝑢̄𝑠𝑞 𝑗𝑡 )
Q 𝑛𝑒𝑑𝑢 (𝑛̄𝑝𝛾𝜇𝑒𝑟 ) (𝑑𝑠𝛾𝜇𝑢𝑡 )

𝜓2𝜙3 𝜓2𝜙2𝐷 𝜓2𝑋𝜙

Q 𝑛𝜙 (𝜙†𝜙) (𝑙𝑝𝑛𝑟𝜙) Q 𝜙𝑛 𝑖(𝜙†
↔
𝐷𝜇𝜙) (𝑛̄𝑝𝛾𝜇𝑛𝑟 ) Q 𝑛𝑊 (ℓ̄𝑝𝜎𝜇𝜈𝑛𝑟 )𝜏𝐼 𝜙𝑊 𝐼

𝜇𝜈

Q 𝜙𝑛𝑒𝑖(𝜙†𝐷𝜇𝜙) (𝑛̄𝑝𝛾𝜇𝑒𝑟 ) Q 𝑛𝐵 (ℓ̄𝑝𝜎𝜇𝜈𝑛𝑟 )𝜙𝐵𝜇𝜈

Table 4: The 16 SMNEFT operators involving RH neutrinos 𝑛 in the Warsaw basis convention which
conserve baryon and lepton number (Δ𝐵 = Δ𝐿 = 0). The flavor indices ‘𝑝𝑟𝑠𝑡‘ on the operators are
suppressed for simplicity. The fundamental 𝑆𝑈 (2) indices are denoted by 𝑖, 𝑗 , and 𝐼 is the adjoint index.

number conserving (Δ𝐵 = Δ𝐿 =0 ) operators involving the field 𝑛 in SMNEFT are shown below
in Table. 4. Based on the effective interaction the phenomenology of the sterile neutrino can be
discussed in many processes[12]. In particular a sterile neutrino can solve the 𝑅(𝐷) −𝑅(𝐷∗) puzzle
as the new physica adds incoherently with the SM and enhances the rate. Many interesting signals
are also possible in the angular distribution ( see Figure 5 ) of semileptonic B decays with a massive
sterile neutrino[13].

𝑧

𝑥

𝜃!𝜃ℓ

ℓ!

"𝑋

𝐷

𝜋

𝜙

𝐷∗"𝐵

Figure 5
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1.4 Dark sector in Flavor physics.

Decays with invisible final states such as 𝐵+ → 𝐾+ + inv, 𝐾 → 𝜋 + inv offer interesting
opportunities to probe dark sectors and its possible flavor structure. The decay 𝐵+ → 𝐾+ + inv
was recently measured by Belle II with a branching ratio about 2.7 𝜎 from SM prediction [14] as
shown in Figure 6. These decays are sensitive to dark sectors and as a specific example we consider

0 2 4 6 8 10105 × Br(B+→K + νν̄)

Average1.3±0.4

BABAR (429 fb-1, hadronic)1.5 ± 1.3   PRD87, 112005
BABAR (418 fb-1, semileptonic)0.2 ± 0.8   PRD82, 112002
Belle (711 fb-1, hadronic)2.9 ± 1.6   PRD87, 111103
Belle (711 fb-1, semileptonic)1.0 ± 0.6   PRD96, 091101
Belle II (63 fb-1, inclusive)1.9 ± 1.5   PRL127, 181802
Belle II (362 fb-1, inclusive)2.7 ± 0.7   This analysis
Belle II (362 fb-1, hadronic)1.1 ± 1.1   This analysis
Belle II (362 fb-1, combined)2.3 ± 0.7   This analysis

SM0.497 ± 0.037

Figure 6

a model with a dark Higgs and a sterile neutrino [15]. We assume a dark Higgs, 𝑆 , mixes with a
general extended unspecified Higgs sector and couples to a sterile neutrino state

L𝑆 ⊃ 1
2
(𝜕𝜇𝑆)2− 1

2
𝑚2
𝑆𝑆

2− 𝜂𝑑
∑︁
𝑓 =𝑑,ℓ

𝑚 𝑓

𝑣
𝑓 𝑓 𝑆

−
∑︁
𝑓 =𝑢,𝑐,𝑡

𝜂 𝑓
𝑚 𝑓

𝑣
𝑓 𝑓 𝑆 − 𝑔𝐷𝑆𝜈̄𝐷𝜈𝐷 − 1

4
𝜅𝑆𝐹𝜇𝜈𝐹

𝜇𝜈 . (1)

The sterile neutrino 𝜈𝐷 and the light neutrino mix and are taken to be Dirac fermions.

𝜈𝛼(𝐿,𝑅) =
4∑︁
𝑖=1
𝑈

(𝐿,𝑅)
𝛼𝑖

𝜈𝑖 (𝐿,𝑅) , (𝛼 = 𝑒, 𝜇, 𝜏, 𝐷) , (2)

8
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Figure 7

S

νµ
νD

ν

S

e+

e−

S

νµ
νD

ν

S

γ

γ

Figure 8

(𝑈𝐿 = 𝑈𝑅 ≡ 𝑈). Here, we assume 𝑈𝑒4 ≈ 𝑈𝜏4 ≈ 0. The model generates 𝐵 → 𝐾𝑆 and 𝐾 → 𝜋𝑆 at
loop level as shown in Figure 7. The relevant interactions are

L𝐹𝐶𝑁𝐶 = 𝑔𝑏𝑠𝑠𝑃𝑅𝑏𝑆 + 𝑔𝑠𝑑𝑑𝑃𝑅𝑠𝑆,

𝑔𝑏𝑠 ≈
3
√

2𝐺𝐹
16𝜋2

𝑚2
𝑡𝑚𝑏

𝑣
𝜂𝑡𝑉𝑡𝑏𝑉

∗
𝑡𝑠

and

𝑔𝑠𝑑 ≈ 3
√

2𝐺𝐹
16𝜋2

𝑚2
𝑡𝑚𝑠

𝑣
𝑉𝑡𝑠𝑉

∗
𝑡𝑑

(
𝜂𝑡 + 𝜂𝑐

𝑚2
𝑐

𝑚2
𝑡

𝑉𝑐𝑠𝑉
∗
𝑐𝑑

𝑉𝑡𝑠𝑉
∗
𝑡𝑑

)
.

The model also generates neutrino nonstandard interaction and can potentially explain the Mini-
BooNE electron like events [16] as the model predicts new effect in neutrino scattering 𝜈𝜇 + 𝑍 →
𝜈4 + 𝑍 and 𝜈4 decay, 𝜈4 → 𝜈𝜇𝑆 → 𝜈𝜇 + (𝑒+𝑒−, 𝛾𝛾, 𝜈𝜇𝜈𝜇) as shown in Fig 8.

2. Conclusion

Flavor physics offers many avenues to look for beyond the standard model physics. Many
experiments are testing the flavor structure of the SM and some anomalies have appeared that hint
at new physics. This work discussed some of the anomalies and possible new physics models to
account for them. We discussed decays to invisible final states that could probe dark sectors and
sterile neutrinos.
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