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Abstract In recent times, several hints of lepton flavor universality (LFU) violation have been observed
in semileptonic B decays at the level of (2 — 3)o, both in the rare flavor changing neutral current (NC)
transitions b — s€¢ and charged current (CC) transitions b — cfv. Although the recent results from LHCb
on the measurement of the LFU violating observables R (.) associated with b — sf{ transition are in
agreement with the Standard Model (SM) predictions, there are several other observables in b — sup
processes, which show significant deviations from their SM values. These tantalizing signals point toward
the possible existence of New Physics beyond the Standard Model. Numerous studies have been performed
to understand these anomalies in various new physics models as well as in model-independent approaches.
Since the new physics scales involved in the CC and NC sectors are significantly different from each other,
explanation of these intriguing sets of discrepancies in a coherent manner using a single framework is
rather challenging. We show that the model with a vector leptoquark U; could be a potential candidate
for successfully accounting for these anomalies.

1 Introduction

Despite the overwhelming success of the Standard Model (SM), still there are many open issues for which it does
not provide any satisfactory explanation. These include the origin of small but non-zero neutrino masses, nature
and existence of the dark matter, observed baryon asymmetry of the universe, etc., demonstrating the presence of
physics beyond the SM. Though the LHC Run-II has marked the start of a new era in terms of energy, luminosity,
and discovery potential, so far, there is no clear evidence for any kind of unambiguous signal of new physics (NP)
beyond the Standard Model (BSM). On the other hand, several intriguing hints of discrepancies between the
observed data and the SM predictions have been reported in the last few years by the B-factory experiments:
Belle, BABAR, and LHCb. These discrepancies are mainly in the form of lepton flavor universality violations in
semileptonic B decays associated with the charged current (CC) transition b — ¢f¥ [1-4] and neutral current (NC)
transition b — s¢T¢~ [5-9], though the later has been substantially weakened in the last year due to the particle
identification problems found at LHCb in the electronic channels [10, 11]. Additionally, there are also quite a
few other deviations at the level of (3 — 4)o from the SM expectations in the measurement involving b — suu
transition, such as the branching fractions of B — K™ utu=, By — ¢utp~ [12-14], the form factor independent
(FFI) observables P; 5 in the angular distributions of B — K*u*p~ [15, 16], etc. In the absence of any direct NP
signal at the LHC experiment, these tantalizing hints of LF'U violating observables play a crucial role in exploring
the BSM physics and thus have attracted immense attention in the last few years.
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2 Anomalies in b — cfv transitions

In the charged current transitions b — cfy, sizeable deviations have been observed in the lepton flavor universality
(LFU) violating observables, which are characterized as the ratios of branching fractions

B(B — D™ 71p)

Row = B = Do)

(1)

with ¢ = e or p. These observables are considered to be the clean probes of NP as the hadronic uncertainties
inherent in individual branching fraction predictions canceled out to a large extent. The present world averages of
Rp+ measurements, performed by the Heavy Flavor Averaging Group (HFLAV) [17]

R7P =0.357 £0.029, R7PP =0.284 £0.012,

have 3.30 deviations (considering their correlation of —0.37) from the corresponding SM predictions R3M =

0.29840.004 (2.00) and RFM = 0.25440.005 (2.20). Tn the same line, the measured ratio Ry = Bpe—srimd =

0.71 £ 0.17 £ 0.18 [18] also has 1.70 deviation from its SM prediction, R%%} = 0.289 £ 0.010. In addition, the
recent measurement of the longitudinal polarization of D* meson in B® — D*~ 7% by Belle collaboration, F? "t =
0.60 4 0.08 +0.04 [19], also shows deviation from its SM value 0.46 & 0.04 by 1.60. These deviations primarily hint
toward the presence of NP in b — ¢7v decay channels.

The effective Hamiltonian responsible for the CC-mediated b — ¢77; quark-level transition is given by [20]

4G
HE =~ Ve (8 + CL, ) O, + O, Oh, + Ch, O, +Ch, 0%, + ChOL ], 2)

where Cé( are the Wilson coefficients, with X = Vi g, S r, T. These coeflicients are zero in the SM and can
arise only in the presence of NP. The corresponding dimension-six four-fermion operators OlX are expressed as

Oi/L(VR) = [EL’YMbL(bR)HT—L’YuVlLL
0%, (sp) = [erbL(bR))[TrRML],

Ol = [ero" bL][FrRowL), (3)

where fr,r) = Pr(r)f are the chiral fermion (f) fields with Prry = (1 F 75)/2 being the projection operators.
Numerous studies have been performed in the literature to explain these anomalies both in model-independent
[21-26] and model-dependent [27-33] approaches. Model independent analysis shows that NP contributions having
the same Lorentz structure as the SM operator (Oy, ) are the most preferred scenarios [23]. Concerning Oy, it
gives the additional contributions to Rp) as Rp « (1 + Cy,,)?, whereas Rp- « (1 — Cy,,)?, and hence, it is
arduous to find a common solution to both Rp and Rp~. Though the scalar and pseudoscalar NP structures can
also accommodate the observed anomalies, they are constrained by the lifetime of B, meson. Large value of tensor
operator predicts small F’ LD " but provides a decent description to the observed 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.

3 Anomalies in b — su™ ™ transitions

The rare decay processes mediated through flavor changing neutral current transitions b — s¢™¢~ are loop sup-
pressed in the SM, and hence are highly sensitive to new NP. In this sector, there are a plethora of observables
which exhibit deviations from their SM predictions at the level of (2 —4)o. The main candidates among them were
known to be the LFU violating observables Rx and Rg~, defined as

B(B — K®putyu~)

Ry = BB = KMete)

(4)

In 2014, the measurement on Rx = 0.74570:999+0.036, in the low ¢> € [1, 6] GeV? region by the LHCb experiment
[5] attracted considerable attention, as it manifested 2.60 discrepancy from its SM prediction, which is expected
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to be of order unity. The updated LHCb measurement of Ry in the ¢ € [1.1, 6] GeV? bin by combining the Run
1 data with 2 fb~! of Run 2 data: REHCP = 0.84670-55910-016 [7] "also had a discrepancy of 2.5¢. Additionally,
the observable Ry measured by the LHCb Collaboration in two bins of low-¢> (in GeV?) region [6]

" 0.66019-230 4 0.024, ¢* € [0.045, 1.1] GeV?
K+ =

0.68510-068 4 0.047, ¢% € [1.1, 6.0] GeV?,

delineates 2.20 and 2.40 deviations from their corresponding SM results. These discrepancies are generally
attributed to the presence of NP in b — sup processes. However, in December 2022, LHCb updated their results,
and the new measurements [10, 11] are now almost consistent with the SM predictions

low- ¢2 Ry = 0.99470:035 (stat ) 70037 (syst),
Ric- = 0927332 stat) 48 o).

central- q2 fe = 0'949f8283?(stat)fg;ggi(syst),
Ry = 102770068 (stat) ¥ 636 (syst)

where the ¢? interval (0.1 < ¢% < 1.1) GeV? refers to as low-¢2, while the interval (1.1 < ¢* < 6) GeV? corresponds
to central-g2.

These new results open up a new window in the exploration of new physics beyond the standard model, which
becomes evident from the fact that there are several other observables associated with b — su™ ™ transitions, e.g.,
the branching fractions of By — ¢uu, B — K*pupu, the FFI observables Pj 5 in B — K*pu angular distributions,
which deviate significantly from their SM predictions. These observations lead to the fact, in addition to the
lepton flavor universal new physics component, that contributes equally to both electron and muon channels,
there should be additional new contribution specifically related to the muon sector, as well. Additionally, the recent
results on the branching fraction of By — p*p~ by LHCb and CMS collaborations [34, 35] B(Bs — putu™) =
(3.097045701%) x 1072, consistent with its SM value B(B, — p*p~)[M= (3.66 £0.14) x 10~ [36], indicate that
the NP should couple vectorially to the lepton pair, thus, evading any conflict with the above measurements.

The SM effective Hamiltonian responsible for b — s¢™¢~ transition can be expressed as [37, 38]

* Ceﬁ < WV /. eff (5 J, S, /.
Vi Vi [2(772[50“ @ (ms P+ my PR)b] (67,0) + C§ (57" PLb) (€y,£) + C1o(57" PLb) (4%755)}7

(5)

B OzGF

V2n

SM __
Heff -

where CSf, CS® and Oy are the Wilson coefficients, evaluated at the m; scale. It should be noted that the coef-
ficient C§ contains both short-distance contributions from the four-quark operators, away from the charmonium
resonance domain, and the long distance part associated with real c¢ intermediate states.

Prior to the latest results on Ry ) by LHCD [10, 11], considering new physics contributions present in b — su™* ™
processes, the global fit to all the anomalies provides the best-fit values for the preferred solutions as [39]

(i) Cg,, = —1.06, (i) Cg, = —Chp, = —0.44,
(iii) Cg,; = —Cgip, = —1.11. (6)

Incorporating the updated LHCb results on Ry (., all the anomalies associated with b — sup transitions can be
explained in the following two scenarios, with the best-fit values of the Wilson coefficients as [40]:

e Scenario-I: (O3, ACSS““ _ —C%”“).
In this scenario, there will be universal NP contributions both p and e channels preserving the lepton flavor

universality i.e., Cgniv = Co%# — Cbsee — 0,6440.22. In addition, there will be extra contributions only to muon
channels, for accommodating the anomalies strictly associated with b — sup channels, with the corresponding

best-fit values: ACS* = —CYs#* — _(.11 + 0.06.
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e Scenario II: O™V = —C/Y and ACSS“” = —AC%W)-
This scenario corresponds to the case, where NP couples purely to left-handed SM fields. The non-zero Cg™" =
—C1y™ can consistently explain the b — spp anomalies, while the LFU violating purely muonic contribution to

ACEH — _ACPSM is compatible with zero at 1o level. The corresponding best-fit values are found to be

Oélniv — Ciléliv = —0.29 + 0137
ACG™™ = — ACT" = —0.08 £ 0.07, @)

with a correlation coefficient p = —0.54.

4 Anomalies in b — svi transitions

The long-standing anomalies associated with the FCNC transitions b — su™p~ have been recently augmented by
the first evidence of BT — KTvi decay from the Belle-II collaboration B(BT — K*vp) = (2.4 +0.7) x 107°
[41] which deviates by 2.80 from the SM prediction B(BT — K*tvi) = (4.29 £ 0.13) x 107%. Since the ratios
of muon to electron branching fractions in b — sff transitions, Ry are consistent with lepton universality,
requisite universality violation to address the data could arise from tau-flavors. More general explanations could
also involve lepton flavor violation involving 7 lepton in the final state. In addition, this result also indicates the
possible existence of light sterile neutrino [42].

5 Possible NP scenarios for the explanation of flavor anomalies

Attempts to explain one or both sets of anomalies have stimulated an intense theoretical activity, which ranges from
pure Effective Field Theory approaches to the formulation of motivated completions of the SM. As the b — /v
CC transitions occur at the tree level, while the NC transitions b — s{T¢~ appear one-loop level, the anomalies
associated with these transitions probe essentially different scales of NP. Thus, finding a common platform for
explaining these anomalies in a coherent manner is rather challenging, e.g., the tree-level contribution with single
mediator like W’ for b — ¢fv and Z' for b — séf transitions will not provide the common solution. However,
some of the leptoquark models with generation-dependent couplings could provide a common explanation to the
observed anomalies in both the sectors. In particular, models containing a TeV-scale vector leptoquark, Uy ~ (3,
1, 2/3), as the main mediator are particularly appealing. Besides connecting both sets of anomalies, such models
can connect them to an underlying theory of flavor.

5.1 U1(3, 1, 2/3) vector LQ: a possible explanation to the flavor anomalies
The vector leptoquark (VLQ) Uy (3, 1, 2/3) is a color triplet and SU(2)y, singlet gauge boson with hypercharge 2/3

encountered in many extensions of the SM. This VLQ can explain the anomalies in both b — c7v and b — su™p~
transitions [43]. The interaction Lagrangian of U; LQ with the SM fermions can be written as

LY = A5Qiryu LUl + A dirul UL + hec., (8)

where /\ZLJ R are the couplings of Uy to quark and lepton pairs, with i, j being the generation indices. The Lagrangian

(8) is written in the weak basis of the fermion fields, which, after transformation into the mass basis and using the
Fierz identities, yields the new Wilson coeflicients for the process b — crv

NP 1 : MNiAEs
Cy, =—F—=—— ) Vis—=5"—,
2V2G Vi i Mrq
3 *
Sn = S k3 2N (9)
. 2V2G Ve, P ta
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where Mi,q denotes the mass of the leptoquark. The model also provides additional contributions to the b — SEIZ;F

processes in the form of new Wilson coefficients Ci(/)NP (1=9,10, S, P), as

L L *
CyF = -0 = Z Vin *QA’”A"”
\fGFVfb‘/tg m,n=1
)\R AR *
C/NP C/NP Vm * ni mj 7
V2 GFV;bV amznjl ’
Var AL AR
CNP _ —CNP _ ‘/"L V* n m]
P S T GrVaVg amz S MI% ,
R\YL *
CpP =i = Z Vi3V, A’“Am] : (10)
GFthVts ol

The values of these NP couplings are constrained for a TeV-scale leptoquark, using various flavor observables and
the details can be found in Ref. [43]. For illustration, we consider the example of the presence of new physics which

is vectorial in nature with LL coupling, i.e., it will induce new physics coupling C’{}lQ to b — v, transition and

C’LQ —CLQ for b — sl processes. For constraining the various new Wilson coefficients or LQ couplings, we
COHbldel‘ the following combination of data sets and perform a x2-fit to obtain their best-fit values:

C-I: Includes measurement on B decay modes with only third-generation leptons in the final state

— C-lIa: Only b — c7r;.
— C-Ib: Both b — ¢, and b — sTH7.

C-II: Includes measurement on B decay modes with only second-generation leptons in the final state, i.e., b —
+ -

sptuT.

C-III: Includes measurement on B decay modes, which decay either to third-generation or second-generation

leptons, i.e., b — ¢/, b — s7t7 and b — sut .

The constraints on new leptoquark couplings are shown in Fig. 1, using different data sets of above discussed
observables and LQ mass My,q as 1.2 TeV. The constraint plots for the new couplings for C-Ia (left), C-Ib (middle),
and C-II (right) cases are presented in the top panel. The bottom panel of Fig. 1 represents the constraint plots
for C-1IT in the A5 — AL; (left) and A%, — AL, (right) panels. In each plot of Fig. 1, different colors represent the 1o,
20, and 30 contours and the black dots stand for the best-fit values. The corresponding best-fit values obtained
for various cases are presented in Table 1. It should be noted that the results obtained for C-IT and C-III cases
might be slightly changed if we incorporate the updated measurement of Ry ().

Thus, it is found that for a TeV-scale VLQ, only the LI-type couplings can simultaneously explain both b —
s¢t¢~ and b — cr; anomalies. In addition, the model predicts significantly large branching fractions for the
lepton flavor violating B-meson and 7-lepton decays, such as By — E;ré;, B, — K(*)Z;rﬁj, B, — gbfjﬁj , T — o,
T — py, ete., which can be used to test this scenario in the future B-physics experiments, such as LHCb upgrade
and Belle-II. Another interesting feature of the model is that augmenting it with a color-sextet scalar diquark (6,
1, 4/3) can explain the neutrino mass at two-loop level.

6 Conclusion

Semileptonic B meson decays play an important role in exploring physics beyond the Standard Model.

The FCNC-mediated decay processes b — s£¢~ occur at one-loop level in the SM and, hence, are quite sensitive
to NP. Deviations at the level of (2-4)c have been reported in several observables, which include B(B — Kpupu),
B(Bs — ¢up) and PLL 5- It is worth emphasizing that these discrepancies can be coherently explained in a simple
NP scenario without violating the bounds from other observables. In particular, the two leading scenarios are
Chsrr — _gba and O™ with pull values of ~ 60 [44].

The tree-level charged current transition process b — crv have sizable decay rates and the ratios Rp.) point
toward the violation of LFU. Although, it is possible to explain these anomalies with scalar currents, at the same
time slightly improving the polarization observables, the best fit is achieved via a left-handed NP contribution of
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Fig. 1 Constraints on new VLQ couplings which include only LL type operators (Scenario-1) for different sets of observables.
Different colors represent the 1o, 20, and 30 contours and the black dot stands for the best-fit value

Table 1 Best-fit values of the LQ couplings for different cases for M1,q = 1.2 TeV

Cases Couplings Best-fit values
C-la (M5, As) (0.451, 0.631)
C-Ib (M3, Als) (0.475, 0.595)
C-II (M2, M%) (0.035, 0.035)
C-11I (Ms, Ma) (0.56, 0.51)
C-III (A2 M%) (0.0351, 0.0351)

~ 10% to the SM operator, i.e., Cy, resulting in a significance of 4¢. Such an operator can be generated in the
leptoquark models, preferably vector leptoquark Uy (3, 1, 2/3).

It should be worth emphasizing that if Ry, anomalies can be explained through the new physics contributions
arising from left-handed vector current, due to SU(2); invariance, b — s7777 /b — sv,v; processes can also
be significantly enhanced from their SM predictions. The recent Belle results on B(B — Kwvv) which has 2.8¢
enhancement from its SM predictions support this scenario. Thus, search for different observables associated with
b — s7T7~ transitions is highly recommended to corroborate or rule out this scenario.
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