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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 K, — u*u~. 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 B — D*{~v, and B — D**{~v, with the leptons £ = e, u, T are simple tree
level processes in the SM. For the 7 lepton the matrix element for the process is

Asy = G_\E eb [ (D (p))]ey* (1= y5)bIB(p))| Tyu(1 = ys)v=.

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

Yl




A Theoretical Prespective on Flavor Physics Alakabha Datta

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

B(B — D*t ;)
B(B — D*(~7y)

_B(B— D1 7¥)
T B(B— D™

R(D) R(D")

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 3.310 from the SM predictions.
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Figure 2

This is known as the R(D) — R(D*) puzzle.

1.2 NCFCNC: b — s+~

The FCNC rare decays b — s*{~, 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 — s{*{~, b — svv and b — sy and the interactions are
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Figure 3

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

Her(b — st0) = —“(; VisVis [Co (FLybr) (Pyul)

+Cyy (5Ly"br) (57;17’55)] ,
Har(b = sv9) = —%mvx ¢y Guy'be) (7 =) .
Her(b = 57") = C1 =[50, (msPL+mpPR)b] F*.

Over the last decade there has been a number of measurements of branching ratios and angular
observables involving the semileptonic decay b — s€*€~ (£ = pu, e) that are in disagreement with
the predictions of the SM. Initially it appeared that only the b — su*u~ decays were affected by new
physics and this was a clear evidence of lepton universality violating new physics. . However, in late
2022, LHCD announced that it had remeasured the ratios Rx 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 — su*u~ 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 — su*u~ 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 — su*u~ and b — se*e™ [5-7]. (A
model to generate equal contribution to b — su*u~ and b — se*e” via four quark operators
was proposed much earlier [8].) The current status in the b — s£*¢~ 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 4
operator definition chirality | flavor structure
o Cyut)@y'qe) | (LLYLL) 3323
0n) | Gy €)@y T q0) 3323
Qta (Giyuli)diy*de) | (LL)RR) 3323
Qge (Givug;) (exyter) 2333
Qed (@iyue)diy*de) | (RR)RR) 3323

Table 1: The list of semileptonic SMEFT operators that can potentially generate an LFU Oy, at scale m,.

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 — s€*¢~ anomalies are shown.
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| Csmirr (TeV2) | cy cy, ¢cv ¢V
(€ 1333 —023+0.04 | -1.20-i0.022 —0.004 0 0
[C(3)]3323 ~0.23+0.04 | -1.17-0.022 -0.021 0 0
| [Cgelosss —0.22£0.03 | -1.16-i0.022 -0.005 0 0 |

Table 2: Fit prefers Cg =-1.18+0.19

[ Cowerr | AM, (x10') | Ke [ /e (x10%) | Syg
[CiTias | (1.15£0.06) (v) | —0.012 (v) | 384 (2 | 0.0369+0.0019
[Cilos | (2722£0.10) (x) | 0.11 (¥) 158 (v) | 0.0265 +0.0008
[Cs | (116 £0.06) (v) | —0.005 (v) | 23.1 (v) | 0.0369 +0.0019
[CiMoos | (0.59£0.05) (x) | —0.04 (v) | 17.8 (v) | 0.0544 +0.0043
[Cllon | (1.16£0.07) (V)| =075 (<) | 13.9 (V) | 0.0369+0.0019
[CMos2 | (155£0.07) ()| 075 (x) | 13.9 (v) | 0.0321+0.0014
(12333 | (076£0.06) (%) | 0.0 (V) 13.9 (v) | 0.0471 +0.0033
[c >]2311 (116 £0.06) (v) | —15.0 (x) | 128 (v) | 0.0368 +0.0018
(€ la3 | (1.18£0.05) (V) | 143 () 12.8 (v) | 0.0128 +0.0002
[c“‘)]m (10.6+0.5) (x) | —0.001 (v) | 12.8 (v) | —0.0061 +0.0003
[Colosn | (1.15£0.06) (V) | 0.0 () 13.9 (v) | 0.0369 +0.0018
|
o |
|

[CE,L) 2 | (1.16£0.06) (v) | 0.0 () 13.9 (v) | 0.0369 +0.0019
i1 | (1.15+£0.06) (v) | 0.0002 () | 13.9 () | 0.0369 +0.0019
[c“‘) 230 | (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 AM;, «. and
&’/e,along with an indicator of whether the constraint is satisfied (v/) or violated (X), or if there is a tension

M.

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 ( vYSMEFT).

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

Lsmngrr O Lsm + idn + Z CiO;,
7

where C; are the WCs with the scale of new physics absorbed in them, The 16 baryon and lepton
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(RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)
Q a4 (ﬁp'yllnr)(d_s')"udt) Q gn (q__pyuQr)(ﬁsyﬂnt) Q rnte ({Flj_ynr)fjk(gget)
Q e |(p Y sy un)| Q o | Cpyule) sy n) @ ook o (Cpne)ejuc(Ghdy)

Q ne |(fipyynr) (Esyter) Q rd Ehovn) (@t dy)
Q nn (ﬁpy,unr)(”zs'}"u”t) Q fnugq (fljanr)(ﬁsq';,)
Q nedu (ﬁp'yuer)(dsy'uul)
Y2 Y?¢*D .0

Q ne (¢T¢)(Z_pnrq§) Q on i(‘fiTBu(p) (ﬁpyﬂnr) Q nw (gp_a'#vnr)TIfﬁW;Iw
Q ¢nei(¢TD,u¢) (ﬁp'yﬂer) Q B (pr"“Vnr)(ﬁB#V

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

number conserving (AB = AL =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].

Figure 5
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1.4 Dark sector in Flavor physics.

Decays with invisible final states such as B* — K* +inv, K — 7x + 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 o from SM prediction [14] as
shown in Figure 6. These decays are sensitive to dark sectors and as a specific example we consider

SM Average
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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

1 1 mye -
LS D E(G#S)Z—Emgsz— Nd Z TfffS
f=d,t

my _ 1 »
_ Z nfofS—gDSvaD—ZKSFwF . (1)

f=u,c,t
The sterile neutrino vp and the 1ight4neutrino mix and are taken to be Dirac fermions.

Va(L,R) = Z U((YI;’R)Vi(L,R) , (a=e,u,1,D), (2)
i=1
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Figure 7

Figure 8

(UY = UR = U). Here, we assume U4 ~ U4 ~ 0. The model generates B — KS and K — #S at
loop level as shown in Figure 7. The relevant interactions are

Lrene = 8psSPRDS + g5adPRsS,

3V2G p m? My
8bs ® TonZ —n:Vin Vi
and
3V2G p m*my 2VesV2,
gsd 16772 VtsV,d n: + 77c va*

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 v, + Z —
v4 + Z and v4 decay, v4 — v, S — v, + (eTe”, vy, v,v,) 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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