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Rare decays and tests of lepton universality at LHCb 1
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Summary. — Recent studies on the semileptonic decays of heavy-quark hadrons
at the LHCb experiment are presented. The excellent LHCb physics reach allows to
study the meson and baryon decays, probe very rare transitions, and perform tests
of lepton universality.

4

PACS numbers: 13.25.Hw; 11.30.Hv; 13.30.Ce 5

1. – Introduction 6

Decays of hadrons containing heavy quarks (charm or beauty) allow to perform pre- 7

cision studies of the dynamics of the fundamental interactions. While in the Standard 8

Model (SM) the decays with a quark-flavour change occur only through the weak interac- 9

tion, in the scenarios beyond the SM (BSM) there might be new interactions at play. The 10

large mass of the heavy-quark hadrons allows for hundreds of decay modes, with their 11

relative rates (branching fractions) ranging from a few percent for the processes occurring 12

at the tree-level, down to very rare processes occurring less than once per billion decays. 13

There often is a pair of leptons produced in such decays. A pair of a charged lepton l− 14

and (anti-)neutrino ν̄ℓ is produced at tree level in the SM through the W-boson exchange, 15

in the processes where the heavy quark performs a charge-changing transition such as 16

b → c. A pair of oppositely-charged leptons of the same flavour can be produced in the 17

transitions where the heavy quark transforms into a quark of the same electric charge 18

(neutral-current transition). However, such flavour-changing neutral-current transitions 19

cannot occur at the tree level in the SM. One way this can happen is through a cascade 20

of several tree-level transitions, such as b→ c→ s, where the intermediate quark bounds 21

into a vector meson that can decay in two leptons. The other way is through higher- 22

order processes with a virtual loop: penguin or box diagrams. The loop processes are 23

rare within the SM, with the typical rate of 10−6 and below, and are considered to offer 24

a powerful laboratory for searches of beyond-the-SM interactions that might potentially 25

be present in the loop. These rare processes can be distinguished from the tree-level 26

cascades by selecting the appropriate regions of dilepton invariant-mass squared, q2. 27
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This document discusses the recent progress on decays of heavy-flavour hadrons at28

the LHCb experiment, focusing mainly on the rare decays involving quark-level b→ sℓℓ29

and c → uℓℓ transitions, and not-so-rare decays involving b → cℓν transitions. The30

LHCb detector at the Large Hadron Collider is described in detail elsewhere [1, 2], it has31

collected about 9fb−1 of proton-proton collision data at the center-of-mass energies of32

7, 8 and 13 TeV during 2011-2018. Unless specified otherwise, all the results presented33

below use this complete LHCb dataset.34

2. – Purely leptonic decays35

The annihilation of a meson into a pair of leptons is one of the cleanest processes36

from both experimental and theoretical points of view. The decay B0
s → µ+µ− occurs37

through the loop-level b → sµ+µ− transition. Furthermore, such a decay of a spin-38

zero meson into two fermion receives a helicity suppression, with the decay rate being39

proportional to the lepton mass squared. This makes the rate of this decay very low.40

The hunt for experimental observation of this decay has spanned over decades, and this41

was only achieved at the LHC. The latest LHCb result [3, 4] finds B(B0
s → µ+µ−) =42

(3.09+0.46
−0.43(stat.)

+0.15
−0.11(syst.))× 10−9, which is the most precise measurement to date and43

agrees with the SM prediction of (3.66± 0.14)× 10−9 [5].44

The process B0 → µ+µ−, governed by the loop-level b→ dµ+µ− transition, is about45

two orders of magnitude more rare, as the element Vtd of the quark-mixing CKM matrix46

is smaller than the Vts. On the other hand, the production rate of B0 mesons at LHCb47

is about factor four larger compared to that of the B0
s mesons. The significant challenge48

is however to control the rates of backgrounds from B0
(s) → h+h′−, where h+ and h′−49

are kaons or pions, misidentified as muons. Such processes have a rate much larger50

compared to that of the dimuon decay, which requires a sub-percent control of hadron-51

to-muon misidentification. The intrinsic experimental challenge is that kaons and pions52

can decay to muons within the volume of the LHCb detector. No significant B0 → µ+µ−
53

signal is found, and the upper limit set at 2.6× 10−10 at 95% confidence level (CL).54

The process B0
s → µ+µ−γ is an interesting sibling [3, 6]. The photon might be emitted55

from the initial-state quarks or final-state leptons, and it introduces a suppression in56

the rate proportional to the electromagnetic coupling constant α. However, the initial-57

state radiation turns a two-body decay into a three-body and effectively lifts the helicity58

suppression. The expected SM rate of this process is about 10−8. While the direct59

search for this decay is challenging due to specifics of photon reconstruction, such an60

indirect search for it in a lower sideband of the B0
s → µ+µ− peak (with the photon not61

reconstructed in experiment) has found no significant signal at LHCb. It should however62

be noted that such indirect search is only sensitive to the events where the photon is63

soft, and these results are not trivial to extrapolate to the generic case.64

One step further is the process B0
s → µ+µ−µ+µ−, which has the same underlying65

mechanism as B0
s → µ+µ−γ, with the photon being virtual and transforming into a66

dimuon pair [7]. The rate of this process is further suppressed in the SM, but can67

be enhanced in the BSM models, with pair production of new resonances decaying to68

dimuons [9]. In the SM, one can reach this final state also through the resonant process69

such as B0
s → J/ψϕ with both J/ψ and ϕ decaying in two muons. The clean signal of this70

decay is shown in Fig. 1 (left), and is used as a normalisation channel for the subsequent71

studies. The nonresonant four-muon decay can be probed once the resonances such as72

J/ψ, ψ(2S) or ϕ are vetoed in each opposite-sign dimuon combination. As shown in Fig. 173

(right), no significant signal is observed, and the upper limits are set at 10−10(10−9) level74
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for the B0(B0
s ) mode. 75

In addition, the first search was performed for the decays B0
s → J/ψµ+µ−, with the 76

J/ψ decaying to a dimuon. This decay has the same four-muon final state, but a different 77

physics mechanism: it proceeds through the W -exchange between the quark lines, with 78

the virtual-photon emission from the initial-state radiation. No significant signal was 79

seen, with the upper limits set at the 10−9 level for both B0 and B0
s decays. In the 80

past, LHCb has also performed a search for the decay B0
(s) → J/ψγ with an on-shell 81

photon, with the upper limit set at the 10−6 level [8]. One can see that the experimental 82

sensitivity is much stronger for the fully-charged final state. 83

Finally, a theoretical model predicting existence of a new neutral particle a with a 84

mass about 1 GeV decaying to two muons [9], has been tested. No signal was found in 85

the channel B0
(s) → aa with a→ µ+µ−. 86

5200 5400 5600 5800 6000

]2c) [MeV/−µ+µ−µ+µ(m

0

20

40

60

80

100

)
2

c
C

a
n
d
id

a
te

s 
/ 

(2
5
 M

e
V

/ LHCb
1−

9 fb

 BDT < 1.00≤0.05 

Data

Total

)−µ+µ(φ)−µ+µ(ψJ/ →s

0
B

Combinatorial

5000 5500 6000

]2c) [MeV/−µ+µ−µ+µ(m

0

1

2

3

4

5

6)
2

c
C

a
n
d
id

a
te

s 
/ 

(5
0
 M

e
V

/ LHCb
1−

9 fb

 BDT < 1.00≤0.60 

Data
Total

−µ+µ−µ+µ →s

0
B

Combinatorial

Fig. 1. – Distributions of the four-muon invariant mass. Left: with the dimuons originating from
the J/ψ and ϕ resonances. Right: with the nonresonant dimuons. Taken from Ref. [7].

3. – Decays to the ϕµ+µ− final state 87

The decay B0
s → ϕµµ with ϕ → K+K− offers a clean experimental probe of the 88

b → sµ+µ− transitions. The narrow width of the ϕ resonance, as well as the fact that 89

the partially-reconstructed backgrounds of a kind B0
s → ϕπ0µµ are suppressed by the 90

isospin conservation, makes the background in this channel low. 91

LHCb measured the differential branching fraction of this decay in Ref. [10], as shown 92

in Fig. 2. The measured experimental values are consistently lower compared to the the- 93

oretical predictions. The most precise prediction is based on the combination of the 94

lattice QCD and light-cone QCD sum rules approaches, as implemented in the flavio 95

software package [11]; and it disagrees with the data at more than three standard de- 96

viations in the region 1.1 < q2 < 6GeV2. This picture needs clarification in the future 97

with measurements from other experiments, and it should be checked if the theoretical 98

uncertainties have not been underestimated. In addition, the angular analysis has been 99

performed [12]. As the flavour of the initial meson was not tagged, it was not possible to 100

distinguish the B0
s and B

0
s decays, thus only CP-averaged observables could be measured. 101

The measured distributions of angular observables agree with the SM prediction (as per 102

flavio package) at the level below two standard deviations. 103

The low background level allowed to also search for the decay B0 → ϕµµ in the lower 104

sideband of the B0
s peak [13]. This decay proceeds through the W -exchange diagram 105

with the initial-state radiation of the virtual photon transforming into a dimuon. In 106
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addition, it is suppressed as the ϕ meson must originate solely from the gluon lines.107

However, in the models with the large mixing between the ϕ and ω mesons, this decay108

can have an additional contribution: the dd̄ pair in the final state can be achieved by a109

CKM-suppressed b → dµ+µ− transition, and mix into the ϕ meson. Theoretically, this110

contribution is expected at the rate of about 10−10. No significant signal was seen, and111

the upper limit is set at the 3.2× 10−9 at 90% CL. A larger amount of data is therefore112

needed to test the theoretical prediction.
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Fig. 2. – Differential branching fraction of the B0
s → ϕµ+µ− decay, measured by LHCb (black

markers), compared to SM calculations with various methods (coloured boxes). From Ref. [10].

113

4. – Rare but charming114

The rare c → uµ+µ− transition is a sibling of the b → sµ+µ−. It is the only FCNC115

transition with the up-type quarks that can be studied with hadrons. Its phenomenology116

is quite different from the b → sµ+µ−, as the nonresonant FCNC process is suppressed117

much more strongly. The decay rate is therefore dominated by the neutral resonances118

such as ρ, ω, ϕ in the dimuon spectrum. The resonant process interferes with the nonres-119

onant one, and this interference effect is sensitive to the BSM contributions [14].120

Experimentally, this effect is studied at LHCb with the D0 → π+π−µ+µ− and D0 →121

K+K−µ+µ− transitions [15]. The flavour of the initial meson is tagged by the D∗+ →122

D0π+ decay. This allows to perform the full angular analysis, as well as to determine123

the CP asymmetries. This is performed in bins of the q2, with the bin ranges chosen to124

maximise the sensitivity to the interference effects. In the SM, all the studied observables125

are expected to be close to zero, which makes this measurement effectively a null-test of126

the SM. The global set of observables was found to be consistent with the SM expectation.127

However, curious trends with q2 are seen in certain angular observables. With a larger128

dataset to be collected in the future, it will be possible to study this in better detail.129

5. – Tests of lepton universality in b→ sℓ+ℓ− transitions130

In SM interactions, the probabilities to produce charged leptons of different flavours,131

namely, electron, or muon, or tau lepton, only depend on the lepton masses [16]. This132

postulate is usually referred to as ”lepton universality” (LU). While these leptons are133

equivalent with respect to the known interactions, except for the Higgs couplings, the134

LU might be violated in the potential BSM interactions. As the loop-level b → sℓ+ℓ−135

transitions are sensitive to the possible BSM contributions, it is naturally interesting to136
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probe the LU in these decays. This is performed by comparing the decay modes with 137

two electrons and two muons in the final state; the modes with two tau leptons are 138

experimentally challenging and have not been observed to date. 139

The final states with two muons and two electrons have considerably different recon- 140

struction efficiencies at LHCb. While muons are easy to trigger, identify and reconstruct, 141

electrons are more challenging. First, the electromagnetic calorimeter, that allows to trig- 142

ger on electron signatures, has a high occupancy due to photons produced abundantly 143

in π0 decays at a hadron collider. This requires setting stringent energy thresholds and 144

makes the trigger efficiency lower. Second, the low electron mass makes them prone to 145

bremsstrahlung emission in interactions with the detector material. This worsens the 146

momentum resolution and complicates the track reconstruction. To improve the ex- 147

perimental uncertainties arising from these differences between muons and electrons, a 148

double-ratio approach is used at LHCb. This relies on a well-tested lepton universality 149

of decays of the J/ψ meson to two leptons, which holds to a permille precision [17]. 150

The LU ratios are then constructed as (on the example of B+ → K+ℓ+ℓ− decays): 151

RK+ = B(B+→K+µ+µ−)
B(B+→K+J/ψ(→µ+µ−))

/
B(B+→K+e+e−)

B(B+→K+J/ψ(→e+e−)) . 152

The test of LU in the B+ → K+ℓ+ℓ− decays was performed in 1.1 < q2 < 6GeV2, 153

and the value of RK+ = 0.846+0.042
−0.039(stat.)

+0.013
−0.012(syst.) was found, which is about three 154

standard deviations below the SM prediction of unity [18]. While the B+ → K+ℓ+ℓ− 155

channel offers the best statistical sensitivity among all b→ sℓ+ℓ− transitions, it is worth 156

exploring further decay modes. In particular, its isospin partner is studied at LHCb, 157

B0 → K0
Sℓ

+ℓ− [19]. It has a worse sensitivity: first, the K0
S eigenstate amounts to 158

only half of the produced K0 mesons, while the other half (K0
L) cannot be reconstructed 159

efficiently at LHCb. Second, the K0
S is long-lived and can decay outside the LHCb 160

acceptance. Finally, it is reconstructed in its decay mode to π+π−, which has a branching 161

fraction of only about 69%. The reconstruction of theK0
S meson decays can be performed 162

in two ways. If it decays early enough, the pions are produced inside the Vertex Locator 163

of LHCb, and form long tracks with the information from both Vertex Locator and 164

downstream tracking stations. If the K0
S lives longer, it may still be reconstructed from 165

the hits in the downstream tracking stations, with pions forming downstream tracks. 166

While these two categories have different vertex and mass resolution on theK0
S candidate, 167

the resolution on the invariant mass of the B meson is very similar between the two, being 168

mostly driven by the resolution on the lepton momenta. Therefore, the two categories 169

are merged in the final analysis. The mass distributions of the observed K0
Sµ

+µ− and 170

K0
Se

+e− decays are shown in Fig. 3. The worse resolution in the electron case requires 171

a wider fit range and modeling of the additional background components. In particular, 172

the partially reconstructed backgrounds from the excited kaon states, as well as the 173

bremsstrahlung-induced tail of the B0 → K0
SJ/ψ(e

+e−) decays are included. The small 174

contribution of misidentified B0 → K0
Sπ

+π− decays is estimated from the subset of data 175

with inverted electron identification requirements, and added to the fit. 176

As a result, the value of RK0
S

= 0.66+0.20
−0.14(stat.)

+0.02
−0.04(syst.) is obtained, which is 177

about 1.5 standard deviations below unity. In addition, a similar measurement is per- 178

formed with the B+ → K∗+ℓ+ℓ−, with K∗+ → K0
Sπ

+; where the result RK∗+ = 179

0.70+0.18
−0.13(stat.)

+0.03
−0.04(syst.) is about 1.4 standard deviations below unity. Although these 180

measurements form a consistent picture with the RK+ , their precision is worse, and more 181

data needs to be collected to clarify the LU picture. It should be noted that the decays 182

B0 → K0
Se

+e− and B+ → K∗+e+e− are observed for the first time with the significance 183

exceeding five standard deviations. 184
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Fig. 3. – Distributions of the K0
Sµ

+µ− (left) and K0
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+e− (right) invariant masses, with the fit
components overlaid, in 1.1 < q2 < 6GeV2. Taken from Ref. [19].

6. – Tests of lepton universality in tree-level decays185

The tree-level b → cℓ−ν̄ℓ transitions offer another laboratory for testing the LU in186

heavy-flavour decays. Here, the possible BSM contributions could manifest themselves at187

the tree level. While in the ratios of decay channels with muons and electrons large BSM188

effects are not observed [20], the ratios of the channels with the tau leptons and light189

leptons are more curious. Although the SM rate of these decays is large, the experimental190

challenges are severe. In the channels b→ cℓ−ν̄ℓ, the neutrino is not reconstructed. This191

leads to lack of a narrow invariant-mass peak, which means that a precision control and192

modeling of all possible backgrounds is required in order to obtain a reliable estimate193

of the signal yield. The situation is more difficult for the b → cτ ν̄τ channels: the τ194

lepton decays can be reconstructed at LHCb in either leptonic decays to muon and two195

neutrinos, or hadronic decays to multiple pions and one neutrino.196

The overview of the recent anomalies in the LU ratios between the b → cτ ν̄τ and197

b → cµν̄µ decays can be found in Refs. [16, 21]. All the measurements to date have198

been performed in decays of B mesons, and all have significant systematic uncertainties,199

related to the modeling of signal and background distributions in experiment.200

The b baryons offer a complementary approach to testing the LU, as they show partly201

orthogonal experimental and theoretical challenges. Most interesting experimentally is202

the case of the Λ0
b baryon (quark content udb) decays, as this baryon is produced abun-203

dantly at the LHC [22]. The spin 1/2 of the b baryons compared to spin 0 of the b204

mesons offers complementarity not only in calculation of hadronic form-factors, but also205

in sensitivity to specific BSM scenarios. In addition, on the experimental side, the isospin206

zero of the Λ0
b baryon makes certain background modes suppressed. While the LU has207

been tested in the baryonic b → sℓ+ℓ− transitions [23] and charm-baryon decays [24],208

there has been no experimental LU tests to date in the baryonic b→ cℓ−ν̄ℓ transitions.209

Recently, the LHCb has published an observation of the Λ0
b → Λ+

c τ
−ν̄τ decay with210

its dataset collected at the center-of-mass energies of 7 and 8 TeV [25]. The tau leptons211

are reconstructed in their hadronic decays to π+π−π−(π0)ντ ; while the Λ+
c baryon is212

reconstructed via its decay to pK−π+. The background from Λ0
b → Λ+

c π
+π−π−X decays213

is suppressed by requiring the significant displacement of the τ decay vertex from the214

Λ+
c decay vertex in the projection on the beam axis. In order to control the background215

from double-charm decays such as Λ0
b → Λ+

c D
−
s with D−

s → π+π−π−, the dynamics of216

the three-pion system is used. In particular, in the τ decays the majority of the decays217
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to three pions happen via an intermediate chain of resonances τ− → a−1 ντ ; a
−
1 → ρ0π−. 218

In the D−
s decays, other resonances play a role; this allows to develop a multivariate 219

selection to suppress this type of background. Finally, the background due to random 220

track combinations can originate from either pK−π+ combinations that do not originate 221

from a real Λ+
c ; or the real Λ+

c candidates combined with a random pions. The first 222

type can be parametrised using the sidebands of the Λ+
c mass peak, while the second 223

– using the unphysical combinations of the Λ+
c with same-charge pion tracks. Having 224

reconstructed the positions of the decay vertices of the τ , Λ+
c and Λ0

b , it is possible to 225

approximate the pseudo-decay-time of the tau lepton, and the invariant mass of the τν 226

system. A simultaneous template fit is then performed to these two observables, as well 227

as to the output of the multivariate classifier trained against the D−
s background. The fit 228

components include the signal Λ0
b → Λ+

c τ
−ν̄τ , various types of double-charm background, 229

as well as the combinatorial background. The component due to Λ0
b → Λ∗+

c τ−ν̄τ is 230

constrained in the fit by its expected proportion to the signal yield. 231

The Λ0
b → Λ+

c τ
−ν̄τ decay is observed for the first time with about 350 signal events. 232

To measure its branching fraction, the Λ0
b → Λ+

c πππ decay is used, which shares the same 233

visible final state. Using the known value of the Λ0
b → Λ+

c µ
−ν̄µ [17], one obtains the 234

value of the RΛ+
c
≡ B(Λ0

b → Λ+
c τ

−ν̄τ )/B(Λ0
b → Λ+

c µ
−ν̄µ) equal to 0.242± 0.026(stat)± 235

0.040(syst) ± 0.059(external). This has to be compared to the SM prediction of the 236

0.324 ± 0.004 [26]. One should note that in this case, the prediction is far from unity, 237

due to the large mass of the tau lepton compared to the muon mass, which restricts 238

severely the allowed phase-space in the Λ0
b → Λ+

c τ
−ν̄τ decay. The uncertainty on this 239

experimental result is clearly driven by the external inputs – knowledge of the branching 240

fractions of the Λ0
b decays. This underlines the challenges in the baryonic physics, where a 241

lot of gaps need to be filled by measuring precisely the rates of numerous decay channels. 242

7. – Summary 243

Studies of the weak decays of heavy-flavour hadrons into semileptonic and leptonic 244

final states offer potential to search for the BSM effects indirectly – via its impact on 245

the decay rates or angular observables. This is complementary to the direct searches 246

performed at the energy frontier. While hints for BSM effects exist in the current LHCb 247

data, none of the observables has crossed the 5σ criterion to claim the observation of 248

BSM physics. It is important to not only collect more data in the future years, but also to 249

explore the additional decay modes. In particular, baryonic decays offer complementary 250

challenges compared to the meson decays, and should be explored more actively. As the 251

b baryons cannot kinematically be produced in the experiments that use the e+e− → 252

Υ(4S) → BB̄ process, the LHC is a crucial playground for these developments. The 253

other promising direction is to explore the decays with multiple leptons in the final state. 254

However, larger datasets need to be collected in order to probe the tiny rate expected 255

for these decays in the Standard Model. 256

∗ ∗ ∗ 257
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REFERENCES 259

[1] A. A. Alves, Jr. et al.(LHCb Collaboration), The LHCb Detector at the LHC ; JINST, 3 260

(2008) , S08005 261



8 V. LISOVSKYI

[2] R. Aaij et al.(LHCb Collaboration), LHCb Detector Performance; Int. J. Mod. Phys. A,262

30 (2015) no.07, 1530022; arXiv:1412.6352.263

[3] R. Aaij et al.(LHCb Collaboration), Measurement of the B0
s → µ+µ− decay properties and264

search for the B0 → µ+µ− and B0
s → µ+µ−γ decays; Phys. Rev. D, 105 (2022) no.1, 012010265

arXiv:2108.09283.266

[4] R. Aaij et al.(LHCb Collaboration), Analysis of Neutral B-Meson Decays into Two Muons;267

Phys. Rev. Lett., 128 (2022) no.4, 041801 arXiv:2108.09284.268

[5] M. Beneke, C. Bobeth and R. Szafron, Power-enhanced leading-logarithmic QED269

corrections to Bq → µ+µ−; JHEP, 10 (2019) , 232; arXiv:1908.07011.270

[6] F. Dettori, D. Guadagnoli and M. Reboud, B0
s → µ+µ−γ from B0

s → µ+µ−; Phys.271

Lett. B, 768 (2017) , 163-167; arXiv:1610.00629.272

[7] R. Aaij et al.(LHCb Collaboration), Searches for rare B0
s and B0 decays into four muons;273

JHEP, 03 (2022) , 109 arXiv:2111.11339.274

[8] R. Aaij et al.(LHCb Collaboration), Search for the rare decays B0 → J/ψγ and B0
s →275

J/ψγ; Phys. Rev. D, 92 (2015) no.11, 112002 arXiv:1510.04866.276

[9] M. Chala, U. Egede and M. Spannowsky, Searching new physics in rare B-meson decays277

into multiple muons; Eur. Phys. J. C, 79 (2019) no.5, 431; arXiv:1902.10156.278

[10] R. Aaij et al.(LHCb Collaboration), Branching Fraction Measurements of the Rare B0
s →279

ϕµ+µ− and B0
s → f ′

2(1525)µ
+µ− Decays; Phys. Rev. Lett., 127 (2021) no.15, 151801;280

arXiv:2105.14007.281

[11] D. M. Straub, flavio: a Python package for flavour and precision phenomenology in the282

Standard Model and beyond ; arXiv:1810.08132.283

[12] R. Aaij et al.(LHCb Collaboration), Angular analysis of the rare decay B0
s → ϕµ+µ−; J.284

High Energ. Phys. 11 (2021), 043; arXiv:2107.13428.285

[13] R. Aaij et al.(LHCb Collaboration), Search for the decay B0 → ϕµ+µ−; J. High Energ.286

Phys. 2022, 67 (2022); arXiv:2201.10167.287

[14] S. De Boer and G. Hiller, Null tests from angular distributions in D → P1P2l
+l−,288

l = e, µ decays on and off peak ; Phys. Rev. D, 98 (2018) no.3, 035041; arXiv:1805.08516.289

[15] R. Aaij et al.(LHCb Collaboration), Angular analysis of D0 → π+π−µ+µ− and D0 →290

K+K−µ+µ− decays and search for CP violation; arXiv:2111.03327.291

[16] J. Albrecht, D. van Dyk and C. Langenbruch, Flavour anomalies in heavy quark292

decays; Prog. Part. Nucl. Phys. 120, 2021 (103885) ; arXiv:2107.04822.293

[17] P. A. Zyla et al.(Particle Data Group), Review of Particle Physics; PTEP, 2020 (2020)294

no.8, 083C01295

[18] R. Aaij et al.(LHCb Collaboration), Test of lepton universality in beauty-quark decays;296

Nature Phys., 18 (2022) no.3, 277-282; arXiv:2103.11769.297

[19] R. Aaij et al.(LHCb Collaboration), Tests of lepton universality using B0 → K0
Sℓ

+ℓ− and298

B+ → K∗+ℓ+ℓ− decays; Phys. Rev. Lett., 128 (2022) no.19, 191802; arXiv:2110.09501.299

[20] E. Waheed et al.(Belle Collaboration), Measurement of the CKM matrix element |Vcb|300

from B0 → D∗−ℓ+νℓ at Belle; Phys. Rev. D, 100 (2019) no.5, 052007; [erratum: Phys. Rev.301

D 103 (2021) no.7, 079901]; arXiv:1809.03290.302

[21] Y. S. Amhis et al.(HFLAV),, Averages of b-hadron, c-hadron, and τ -lepton properties as303

of 2018 ; Eur. Phys. J. C, 81 (2021) no.3, 226; arXiv:1909.12524.304

[22] R. Aaij et al.(LHCb Collaboration), Measurement of b hadron fractions in 13 TeV pp305

collisions; Phys. Rev. D, 100 (2019) no.3, 031102; arXiv:1902.06794.306

[23] R. Aaij et al.(LHCb Collaboration), Test of lepton universality with Λ0
b → pK−ℓ+ℓ−307

decays; JHEP 05, 2020 (040) ; arXiv:1912.08139.308

[24] Y. B. Li et al.(Belle Collaboration), First test of Lepton Flavor Universality in the charmed309

baryon decays Ω0
c → Ω−ℓ+νℓ using data of the Belle experiment ; arXiv:2112.10367.310

[25] R. Aaij et al.(LHCb Collaboration), Observation of the decay Λ0
b → Λ+

c τ
−ντ ; Phys. Rev.311

Lett., 128 (2022) no.19, 191803; arXiv:2201.03497.312

[26] F. U. Bernlochner, Z. Ligeti, D. J. Robinson and W. L. Sutcliffe, Precise313

predictions for Λb → Λc semileptonic decays; Phys. Rev. D, 99 (2019) no.5, 055008;314

arXiv:1812.07593.315


