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Abstract: Lepton flavor universality exists in the Standard Model, and hence any observation of the
violation of this universality will be a hint for new physics. Recent experimental searches for processes
violating this symmetry have attracted much attention among theorists and experimentalists alike. In
recent years, such hints have been observed in flavor changing neutral current weak processes such
as b — sll and charged current weak processes such as b — clv processes by collider experiments like
Belle, Belle II, BaBar, LHCb, ATLAS, and CMS collaborations, where b, s, ¢ are the bottom, strange,
and charm quarks, respectively, and /, v stand for lepton and the corresponding lepton neutrino,
respectively. This article is a review of some of the interesting anomalies observed in the B-sector and
includes decays of Bs mesons.

Keywords: lepton flavor universality; new physics; colliders

1. Introduction

The fundamental fermions of the Standard Model (SM), quarks and leptons, exist in
three generations, each of which consists of two members. By the lepton flavor universality
(LFU) symmetry, we mean that the coupling strength of the electroweak gauge bosons to
the three families of leptons is the same. The only exception to this concept of universality
can be attributed to the Higgs field, since the lepton-Higgs interaction strength leads to
a difference in the lepton masses and a specific mass hierarchy of m, < my < mr. Hence,
any signature of violation of this symmetry would mean a deviation from the SM, which
is called new physics (NP) [1]. Evidence of NP would imply either new particles or new
phenomena that have not been observed yet.

Although the SM is mostly a well-tested theory in particle physics, there are still several
flavor puzzles that are unsolved: why there are only three generations of fundamental
particles, what is the origin of the mass hierarchy in quarks and leptons, and why is the
quark flavor mixing matrix hierarchical and nearly diagonal. To probe these mysteries, two
approaches can be used: a direct one or an indirect one.

The observed differences in the coupling strengths in the nuclear -decays, muon
decays, pion decays, and kaon decays have led to the belief that either the weak interaction
coupling constant is not universal or there is something else going on. These observations,
such as the approximately 20 times slower decay rate for K~ — u~ v}, compared to the
T~ — u~ vy, were explained by the Cabibbo hypothesis [2]. This profound hypothesis
proposed by Cabibbo stated that the weak interaction eigenstates are not the same as the
mass eigenstates and paved the way towards the need for a fourth quark, named the
“charm” quark.

However, when the Cabibbo hypothesis was first proposed, the charm quark had not
been discovered yet. The Cabibbo hypothesis could nicely explain the differences observed
in several weak decays, but was unable to explain why the observed branching ratio was
smaller than expected for the flavor-changing neutral current process, K, — putpu~. It
was only in 1970, when Glashow, Iliopoulos, and Maiani (GIM) predicted the existence
of the fourth (“charm”) quark, that the K; — p*u~ could proceed via the exchange of a
virtual charm quark in addition to the exchange of a virtual up-quark, thus explaining the
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suppression of the decay rate for the process. This mechanism, called the GIM mechanism,
can be considered one of the first important chapters in the story of flavor anomalies.

The understanding of the suppression of b — s transitions is grounded in the fun-
damental symmetries upon which the SM is constructed. Nevertheless, it is important to
note that lepton universality is not an inherent property derived from any fundamental
principle or axiom within the SM. There exist theoretical extensions to the SM that propose
the existence of additional virtual particles, such as lepto-quarks. These particles could
potentially play a role in b — s transitions, as depicted in Figure 1 (right). Furthermore,
these extensions suggest that these particles may exhibit non-universal interactions, leading
to discrepancies between the observed branching fractions of BT — K17~ decays and
the predictions made by the SM.

u > u u > u
B*{ W K* B i
WZ° &
7 Z

Figure 1. Main Feynman diagrams contributing to the B — K1l decay in SM (left) and possible
contributions from extensions to SM (right).

Quantum chromodynamics (QCD) calculations dominate the theoretical predictions
for the branching fractions of b — sl processes, Bt — K*u*u~ and Bt — Ktete~
decays, and this makes these predictions complicated. The large coupling constant of
strong interactions makes these predictions difficult, as it is hard to compute the electroweak
amplitudes using perturbation techniques. Only approximate calculations can be made.
However, since leptons do not carry a “color” charge, the strong force does not couple
directly to leptons. This is advantageous for the b — sl processes, and as a result, the
ratio of the branching fractions of the BT — K*utu~ and Bt — KTete™ decays may be
predicted with an accuracy of O(1%). The anticipated ratio is expected to approximate
unity due to the relatively smaller masses of electrons and muons compared to those of
bottom quarks. Typically, this scenario holds true, unless the magnitude of the dilepton
invariant mass-squared (4%) imposes substantial limitations on the phase space that may
accommodate the formation of the two leptons. The same line of reasoning may be
applied to decays involving various B hadrons, B — Xu"u~, and B — XeTe™, where
B = Bt,BY, Bg mesons, or Ag baryons. In these decays, X can refer to an excited kaon, K*0,
or a composite particle such as a proton and charged kaon (pK).

2. Major Experimental Facilities

The primary experiments that have made significant contributions to the investigation
of b-hadron decays associated with flavor anomalies include the B-factory experiments
BaBar [3] and Belle [4], the Tevatron experiments CDF [5] and D@ [6], and the Large Hadron
Collider (LHC) experiments ATLAS [7], CMS [8], and LHCb [9]. One notable advantage
of the Belle II and BaBar detectors is their pristine working environment, which may be
attributed to their use in et—e~ colliders. In contrast, the CMS, ATLAS, and LHCDb detectors
face the challenge of functioning in a more hostile environment due to their involvement in
hadron collisions at the LHC.

3. Flavor Anomalies in the B-Sector

The decays used to study LFU are extremely rare, as such processes involve cross-
generational couplings, such as b — s, which is a Cabibbo-suppressed process in the SM
(Figure 2). LFU can be affected if there is the presence of new particles or new processes.
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Searches for such particles are performed at the LHC. However, these particles are still
undiscovered, since higher energies are needed to detect these unknown particles.

t,c,u t,C,U
b W 5 b 5 b s
tacvu 1%% W= Uy W+
v/Z Vs v/Z 0+ Vs
= = =

Figure 2. Loop-level Feynman diagrams for b — sl decays.

For the cross-generational b — s transitions, LFU is tested by comparing the ratios
of decay rates of beauty particles into different leptons. Recent results had caused a stir
due to the observation of some hints of deviation in LFU, but they were not statistically
significant enough. Hence, until now, we have not concluded emphatically that LFU in the
SMis violated. In any case, the observed deviations from the predictions have opened the
doors for the possibility of the existence of physics beyond the SM.

3.1. Rk, Rg+ Analyses

Understanding the decay of b-hadrons is challenging since these decays can be stud-
ied at several different energy scales, such as electro-weak, natural, and hadronic scales.
One can use effective field theories (EFTs) to disentangle these scales and thus provide
predictions for these b-decays with greater accuracy. Wilson coefficients are key ingredients
in the weak effective field theory that contain the effects of SM fields. These coefficients
provide information about the SM and beyond-SM contributions. The rare b-decays can
be explained using Hamiltonians involving the Wilson coefficients in a framework called
operator product expansion (OPE) [10], a model-independent analysis of effects beyond
the SM. In particular, b — sl! transitions are described by the effective Hamiltonian:

12
Hepr = —4(Gp/V2)Vy Vit Y_(C:O; +C0')).

i=1

Here, GF is the Fermi coupling constant, V;; are the elements of the Cabibbo-Kobayashi—-
Maskawa (CKM) matrix [11], O:» are the local operators containing left(right)-handed long
distance contributions, and C; are the corresponding Wilson coefficients. Here, Oy is the
electromagnetic operator and Oy and Oy are the semileptonic operators, and their chirally
flipped counterparts are O,7, 0/9, and Ollo.

The experimental observations show disagreement with the SM predictions in decays
dominated by the effective vector and axial-vector couplings Cg and Cyy. The SM expec-
tations exceed the observed value for these decays. In these cases, a SM explanation is
possible for the statistical significance of these results. Still, there are several variables
wherein the tension still exists or the verdict of the agreement with SM can change with the
accumulation of more data. Thus, it is difficult to make a conclusive statement now.

In the b — sll, I = e,y analyses, the observable that is determined is Rj, where
h = K*), defined as follows:

I['(B — hup)
Ry = —=—5—"7"
T'(B — hee)

The SM predicts this ratio to be unity, as there is no preferential coupling of the gauge-
bosons to leptons of any generation. The advantage in determining R;,, where h = K(*),
is that the hadronic uncertainties mostly cancel out in the SM for this ratio, assuming the
momentum transfer to the lepton pair is sufficiently large. These observables are predicted
to have unity with uncertainties below 1%. There are several experiments, such as Belle,
LHCb, and other experiments [12-18], and Refs. [19-24] have performed these LFU tests.
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The observables are specified as ratios of yields that have been corrected for efficiency
within a specific range of di-lepton invariant squared (4%) values. This range excludes
the resonant channels that involve the J/¢ and 1(2S) resonances. The present analyses
utilize decay modes that involve J/¢ and (2S) as control channels. Control channels
are selected based on their larger branching percentage and well-measured nature, with
the mode containing [/ being particularly favored. As an example, the decay processes
Bs — ¢ll, B; — J/y¢ are employed as control modes. Due to the similarity of the final
state particles in both the uncommon and resonant decay modes, a number of systematic
uncertainties cancel out.

The angular distribution of particles generated in B** — K*%u*u~ decays was anal-
ysed by LHCb. This analysis utilized data from the Run 1 data [25] and involved the
measurement of angular parameters, namely the charge-conjugation parity (CP)-averaged
observable Pé. The measurement was conducted using an unbinned maximum likelihood
fit. The measurement is conducted within specific ranges of dimuon invariant mass squared
(4%) to deliberately remove charmonium resonances /¢ and ¢(2S). The majority of ob-
servables exhibit a high level of concordance with the Standard Model. Nevertheless, a
noteworthy level of stress (3.4 0) [25] is detected in Pé. Other studies, like ATLAS [12] and
Belle [14], have also observed a similar tension between theory and experiment, albeit with
greater uncertainty. The study conducted by CMS [13] demonstrates agreement with the
Standard Model (SM), while also being consistent with other experimental observations.
The angular observable Pé in B* — K*%u* 1~ decays in the bins dimuon invariant mass
squared (%)e[4.0,6.0], [4.3,6.0] and [4.0,8.0] from ATLAS [12], LHCb [26,27], CMS [13], and
Belle [14] deviate at 3.3 ¢, 1 7, and 2.1 ¢ from the SM expectations [28,29], respectively.

The first simultaneous test of muon-electron universality was performed by LHCb in
proton—proton collisions collected with the LHCb detector between 2011 and 2018 [30,31].
The LFU tests are performed as a double ratio, R (KK

R _ N/e(B™0 — K0ty N/e(BT*0 — KT*0etem)
(KK = N/e(BH0 — [/ypt0u+ =) N/e(B+0 — [/t 0ete)

N /e(X) stands for the efficiency-corrected resonant mode yields. The Rk ki) is measured

in two ¢? intervals: 0.1 < g < 1.1 GeV?, referred to as low-¢2, and 1.1 < g% < 6.0 GeV?,
referred to as central-g°.

Four efficiency-corrected resonant mode yield ratios are defined as benchmarks for this
analysis. The double ratio is evaluated using a simultaneous maximum-likelihood fit to the
B* and B candidate invariant masses in the low-4% and central-4? regions (Figure 3), where
the efficiencies are constrained using values and uncertainties obtained from simulated
data. These results are in agreement with the SM predictions.

The latest LHCb results presented differ from their previous measurements of Rx and
R+, which they supersede. The Rk analysis uses five times more B meson decays than
the previous result. The latest measurement benefits from the use of tighter electron identi-
fication criteria and better modeling of the residual misidentified hadronic backgrounds.
However, the statistical fluctuations make a smaller contribution to the difference since
the same data are used as in the previous publication. Since the dominant uncertainty is
statistical, inclusion of more data will help to improve the precision.

The previous LHCb Rk, Rg:+ [19] result that used Run 1 data (center-of-mass en-
ergy, Vs = 7,8 TeV) had a 2.5 ¢ deviation from the SM expectations, whereas the recent
results [24] that included Run 2 data (y/s = 13 TeV) and are compatible with the SM
within 0.2 0. The measurement is still statistically dominant. The major source of sys-
tematic uncertainty is due to the estimation of the misidentified backgrounds using the
data-driven method. In the latter result, the single misidentification, 7 — e or K — ¢,
amounted to a reduction of a factor of 1(2) in the K — ¢ misidentification and that of 2(7)
in the K — e misidentification in Run 1 (Run 2) results. In cases of double misidentification,
this factor was further reduced. Thus, the new LHCDb result yielded a smaller systematic
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uncertainty and is the most precise result of LFU to date. The tension that arose from the
deviation of 2.6 ¢ from the SM prediction appears to have dissipated. Nevertheless, the

forthcoming outcomes using Run III data at higher center-of-mass energy may present
novel and unexpected findings.

T LI R AL |

. Ry central—q2 R+ central—q2 1
200 LH(EII) ﬂ + Data 80 +  Data h
§ 9fb ’,|‘ — Tgtal \< — Tgtal 4
E 150 ",' 170 (Sjlg’;;aﬁinamml E — (Sjlg’;;ak.)linatorial b
= ;- Misidentification = 60 I Misidentification ]
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= H- [ B K= ete) NS B s K (= ete)
~ ro ~40
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Figure 3. Invariant mass distributions of BT — K¥eTe™ (left) and BT — KT ~ eTe™ (right) in the
Cen’cral—q2 [31].

The R(K*) measurements at Belle II [32] are performed using the decay modes
B — K*0(K*)Il and B* — K**(K*Y K*)Il. The background from continuum and
generic BB decays is suppressed using a multivariate technique called a boosted deci-
sion tree (BDT), which includes event shapes, vertex quality, and kinematic variables. A
two-dimensional unbinned maximum likelihood (UML) fit in the beam-energy-constrained

mass My, = ‘/EZeum - pzz and energy difference AE = E — E;, variables. Here, E;,

is the beam energy. In the e™ — e~ center-of-mass frame, the momentum and energy of the
B meson are represented by py and E}, respectively.

Here, E},,,, is the beam energy and pj and Ej are the momentum and energy of the
B meson in the e™ — ¢~ center-of-mass frame. The measurement of branching fractions
encompasses the complete spectrum of dilepton mass, with the exception of the low mass
range in order to minimize the interference from the B — K*< background and regions
that are consistent with decays of the charmonium resonances. The findings align with
global averages, accounting for the associated uncertainties.

Figures 4-6 provide a summary of Rg, Rg:+ and Ryo from various experiments such
as Belle [15-17], BaBar [18], LHCb [19-24]. The summary of results with the inclusion of
the recent R(K) result from LHCDb is shown in Figure 5.

- ; BaBar
: 0.1 < g2 <8.12 GeV¥c*
[PRD 86 (2012) 02]

Belle
1.0 < g2 < 6.0 GeV¥/c*
[JHEP 03 (2021) 105]

. LHCb 9 fb’!
: 1.1 < g?<6.0 GeV?/c?
[LHCb-PAPER-2021-004]

0.5 1 1:5

Ry

Figure 4. Ry for different 4> regions by Belle, BaBar, and LHCb collaborations before the inclusion of
the latest LHCb result.
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Figure 5. Rg-+ and Ro for different q* regions by Belle, BaBar, and LHCb collaborations.

af  LHCD Rg  low-g* = 0994731
I 9fb—1 R central-g = 0.949*) 038
L2} Ry low-g* = 0.9275505;
t R central-¢*> = |_(127fllll-i;'%':?5
S10f | 4}7
-S| I i
0.8}
I b Data ' =16,p=0812, 0 =02
0.6k - S[\’I

Ry low-¢* Ry central-q®>  Ry- low-¢*> Ry central-¢°
Figure 6. Ry, for low and central 42 regions using 9 fb~! data by LHCb collaboration.

3.2. Bs — yuu Analyses

In the family of b — sl decays, there are the interesting decays of BY — u*u~
and B® — utu~. These decays have no tree-level contribution; rather, they can only
occur via loop diagrams (Figure 7); thus, the expected branching fraction should be small.
Further, these decays are also helicity suppressed, making them yet rarer. In the SM, the
expected branching fractions of decay time-integrated branching fractions B — u*u~
and B® — putpu~ are (3.66 £0.14) x 1072 and (1.03 £ 0.05) x 10717, respectively. In recent
years, significant advancements have been made in reducing the theoretical uncertainties
associated with calculating branching fractions. These advancements can be attributed to
progress made in lattice quantum chromodynamics (LQCD) [33,34], in the calculation of
electroweak effects at next-to-leading order [35], and in the calculation of QCD effects at
next-to-next-to-leading order [36].

CMS collaboration measured the time-integrated branching fraction of the B(BY —
utu~) decays using both Run 1 and Run 2 data collected in pp collisions at the Large
Hadron Collider (LHC) at CERN. The data correspond to integrated luminosities of
5and 20 fb~! recorded in the years 2011 and 2012 by the CMS detector at /s = 7 and
8 TeV, respectively, during the Run 1 data-taking period, and 36 fb~! recorded in 2016 at
/(s) = 13 TeV during Run 2 data-taking period. B — u*u~ decay is observed with
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a significance of 5.6 standard deviations, and the branching fraction is measured as
B(BY — utu~) = [2.9 £ 0.6(stat) + 0.3(syst) & 0.2(frag)] x 10~?, where the last uncer-
tainty refers to the uncertainty in the ratio of the BY and the B* fragmentation functions [37].
The highlights of this analysis were the usage of multi-variate techniques both for muon
identification and candidate selection. The number of reconstructed events for the decays
is obtained from the fits, and the efficiencies are used to obtain the branching fraction of the
decay. The probability density functions (PDFs) obtained from simulated event samples,
and data sidebands are used to perform the extended UML fit in the data (Figure 8).

As no significant observation of the B — u* 3~ is observed, an upper limit B(B® —
utu~) < 3.6 x 10710 is determined at a 95% confidence level.

CMS also performed studies for the determination of the BY — u* ™~ effective lifetime.
For this measurement, two independent procedures are used, namely a two-dimensional
UML fit to the invariant mass (Figure 9) and proper decay time distributions of B —
utu~ candidates, and a one-dimensional (1D) binned maximum likelihood (ML) fit to the
background-subtracted proper decay time distribution obtained with the sPlot [38] method.
The B — utu~ effective lifetime is found to be [1.70 + 0.60 — 0.43(stat) 4= 0.09(syst)] ps.
The measurement of the branching fractions [39] in this analysis supersedes the previous
results from CMS. The observed branching fractions agree with the SM predictions.

u+

.

b - u+
By tcu S

d(s) W U

Figure 7. Loop-level diagrams for BY — u*u~ decays.

CMS 36 b (13 TeV) + 20 fb" (8 TeV) + 5™ (7 TeV) CMS 36 b7 (13 TeV) + 20 b (8 TeV) + 57 (7 TeV)
40:_ ¢ Data — Full PDF u . Data — Full PDF
FOESUE s pp B’ - 70F [N B - = B
35— e Combinatorial bkg =~ «««--+ Semileptonic bkg E e Comblnatorlal bkg «=+--- Semileptonic bkg
L B — hu'u bkg -.-:-- Peaking bkg F + B — hp'u bkg EICIEY Peaking bkg
30— High BDT Categories 60 Low BDT Categories
3 f B o
O 250 o 507
S oh oS 40f
= 20r <
g - N
LE 15F ,E 30; """""""
w r w r
10— 20— +
10
e \\
Ll o o'u\,."d " \}\ | FEENE RN N N
51 5.2 53 54 55 56 57 58 59 49 5 541 52 53 54 55 56 57 58 59
.- [GeV] m,. [GeV]

Figure 8. Invariant mass distributions with the fit projection. The left (right) plot shows the combined
results from the high- (low-)range analysis boosted decision tree (BDT) selection categories [37]. The
total fit is shown by the solid line, and the different background components are shown by the broken
lines. The signal components are shown by the hatched distributions.

The branching fraction measurement of BY — u*u~ and the BY effective lifetime, as
well as the results of a search for the B — u*u~ decay, were performed using proton—
proton collisions at \/(s) = 13 TeV at the LHC [38]. The analysis is based on data collected
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with the CMS detector in 20162018 corresponding to an integrated luminosity of 140 fb~!.
The branching fraction of the BY — u* ™~ decay and the effective B meson lifetime are
the most precise single measurements to date. No evidence for the B® — u*u~ decay has
been found. No deviation is observed with the SM predictions and previous measurements
(Figure 9).

LHCb collaboration measured B(B? — u* =) = (3.09734(stat) 912 (syst)) x 1077 [40],
and the CMS collaboration measured B(B? — u™ ™) = (3.83703%(stat) T9-24(syst)) x 1077
is about 1.2 standard deviations higher. The combination of both of these results brings the
B(B? — utu~) to be consistent with the SM prediction. So, the discrepancy between
theoretical prediction and observation has been reduced.

0.6x10° CMS 140 fo’ (13 TeV)

B(B® - pu
o
w
e T | T T 11 | ; [ ST R | | T 1T 11 ] T 1T 1 1 i T 1T T 1

SR I
b i U Ll B e 1070
2 3 4 5 6 7

B(B - uw)

=

Figure 9. Profile likelihood [41] as a function of the branching fraction of BY — u*u~ decay [39].
Contours in 2D enclose the regions with 1—5 ¢ coverage, where 1, 2, and 3 ¢ regions correspond to
68.3,95.4, and 99.7% confidence levels, respectively.

3.3. Inclusive R(X,,,) Analysis

The first measurement of the inclusive branching fraction ratio R(X,,,) = B(B —
Xev/)/B(B — Xuv) was published by the Belle II collaboration. This measurement
represents the most precise test of electron-muon universality in semileptonic B-meson
decays up to the present time [42]. The Belle II collision data set was obtained during the
period from 2019 to 2021, with a center-of-mass energy of \/s = 10.58 GeV. This energy
level corresponds to the mass of the Y(4S) resonance, which predominantly undergoes
decay into a pair of B mesons of opposite flavor. The integrated luminosity of the data set
is 189 fb~1, equivalent to approximately 198 x 10°BB pairs.

The signal yields, Nyes, were obtained by employing simultaneous binned maximum-
likelihood template fits to the p? and pﬁ spectra. The momentum range, p? € [1.3,2.3] GeV /¢,
was divided into 10 equal intervals (bins). The last bin includes any overflow events. The
selection of the lower limit on pf is motivated by the objective of minimizing background
effects and effectively suppressing B — Xtv decays to a negligible extent. The overall
signal efficiencies are found by extracting the selected signal yields, denoted as N é .- from
fits to the simulated spectra. These yields are then divided by the number of generated
events in the complete phase space, denoted as Nél,en. The electron and muon efficiencies
are obtained as (1.62 £ 0.03) x 1072 and (2.04 + 0.05) x 10~3, respectively.

The experimental p? spectra are fitted in the same-charge control and opposite-
charge signal samples, as shown in Figure 10. The fits yield Nj,,,; = 48030 £ 290 and
N eas = 58,570 + 430 signal events in the electron and muon modes, respectively.
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Figure 10. Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton
momentum in the Bs;q rest frame, plB , with the fit results overlaid [42]. Hatched area shows the total
statistical plus systematic uncertainty, added in quadrature in each bin.

Using the yields and efficiencies, the ratio is obtained using the following equation:
R(Xesy) = (N ons/ Nboas) - (NS’Z,/NSEEZ) : (Ngen/Ngm). The value obtained after adding the
systematic uncertainties was R(X, /V) = 1.033 £ 0.010 £ 0.019. This is the most accurate
branching fraction test of the universality of decay to electrons and muons in semileptonic
B decays. The measurement of the full phase space agrees with what the SM predicted.

The measurement in the full phase space is consistent with the SM prediction.

3.4. Bs — ¢up Analysis

The transitions involving a b quark transforming into an s quark and producing a
pair of oppositely charged leptons are not allowed to occur directly in the SM at the tree
level. Instead, these transitions can only take place through higher-order electroweak (loop)
diagrams. The aforementioned transitions serve as effective tools for investigating potential
contributions from NP that extend beyond the SM. These contributions may manifest in
competing diagrams and have a notable impact on the branching fractions and angular
distributions of b — s~ decays. The angular distributions of the B; — ¢uu decay were
examined by an angular analysis, utilizing proton—proton (pp) collision data amounting
to 3 fb~! [43] that were collected by the LHCb experiment between 2011 and 2012. The
results of this analysis indicated that the observed angular distributions were consistent
with the predictions made by the SM. LHCb updated this result using a total integrated
luminosity of 8.4fb~! [44], which corresponds to the data that were obtained at center-of-
mass energies of 7 TeV in 2011, 8 TeV in 2012, and 13 TeV from 2016 to 2018, corresponding
to the LHC Run 1 and Run 2 periods, respectively.

The differential decay rate equation of B; — ¢(KTk™)uu decay rate depends on the
dimuon invariant mass squared, 42, three decay angles, 6}, fx, and ¢, and the decay time of
the B? meson. The angle 6; ( 6x) represents the angular deviation of the = (K™) particle
relative to the trajectory of the BY meson in the center-of-mass frame of the "~ (K*K™)
system. Additionally, ¢ denotes the angle between the planes formed by the ™y~ and
K* K~ particles in the center-of-mass frame of the BY meson.

For a particular ¢° region, the untagged CP-averaged angular decay rate equation for
the B; — ¢(K* k™ )up decay is obtained by measuring and integrating it throughout the BY
decay time.

dl’/ldqz dcos@,ljiilt;sequJ = 52=[3(1 = FL) - sin®0x + Fy - cos’0x + (1 — Fr)
-sin0x - c0s260; — Frcos?0k - c0s20; + S3(sin®0 - sin®6; - cos2d)+
S4(sin20 - sin20; - cos®@) + As(sin20y - sinb - cos®) + Agsin20x - cosd;+
Sy(sin20k - sinfy.sin®) + Ag(sin20k - sin26; - sin®)+
Ag(sin20x - sin6; - sin2®)],
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where the angular observables F; and S3, S4, and Sy are the charge-conjugation parity (CP)
averages, and Acp and As, Ag, and Ag are CP asymmetries. The T-odd CP asymmetries
Ag and Ag, which exhibit time-reversal-odd behavior, are of significant importance. In
the SM, these asymmetries are expected to be around zero. However, in the presence of
contributions from new physics (NP), they can attain substantial magnitudes. The analysis
conducted in this paper is unable to access the CP-averaged observable S5 (P%) due to the
unknown decay flavor of the B meson. This observable has been extensively studied in
the context of B — K*0u* ™ decays.

The determination of angular observables entails employing an UML fit to the mass
distribution of the invariant K*K~u*u~, in addition to the three decay angles: 6;, 0k,
and ¢. The fitting technique is performed by dividing the ¢ region below 12.5 GeV?/c*
into separate thin sections, each with a width of approximately 2 GeV?/c*. The angular
observables are shown in Figure 11, overlaid with SM predictions. There are no predictions
for Sy or As,Ag, Ag, or Ag as they are expected to be close to zero in the SM.

The measurement of the branching fraction of Bs — ¢uu [44,45] in g%¢[1.1,6.0] region
by the LHCb collaboration has discrepancy at the level of 3.6 ¢ (Figure 12) from the SM
expectations [28,29].

Several SM predictions have been published recently for B; — ¢up, Bs — fé up and
Ay — A(— pre)IT1~ decays [46,47].
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Figure 11. CP-averaged angular observables F; and S3, S4, and Sy, and CP asymmetries As, Ag, Asg,
and Ag [43], shown by black dots overlaid with SM predictions, where available, indicated as blue
shaded boxes. The gray areas are the charmonium resonance regions that are vetoed.
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Figure 12. Differential branching fraction dB(BY — ¢u™*u~/dg?) overlaid with SM predictions [44]
using light cone sum rules at low g2 and Lattice calculations at high 4%. Previous LHCb results using
3 fb~! are shown with gray markers.

3.5. Lepton Universality in Charged-Current Transitions b — clv: Rp, Rp+ Analyses

The b — c tree-level transitions offer a unique set of decays to study lepton flavor
universality. The rates of b-meson decays to T and y leptons are expected to differ because
of the substantial mass difference between 7 and y leptons. The ratio of the exclusive
decays with T lepton can be defined as:

I'(B— D™W1ir)
I'(B — D™y

This is a very clean final state experimentally due to the fact that the entire decay
chain can be fully reconstructed. Combined results by Belle [48-50], BaBar [51,52], and the
LHCb [53,54] collaboration yield a tension of 3.8 o with the SM. However, this tension has
decreased to 3.1 o with the recent Belle measurement [55].

LHCDb collaboration had announced the first simultaneous measurements of the ratio

of the branching fraction of B-meson decays to D mesons: R(D*) = gﬁég:im, and

RY) =

R(D) = BR(B=DTvr) ot 5 hadron collider.

~ BR(B—D%u )

Using only Run 1 data recorded at a center-of-mass energy of 7 and 8 TeV, LHCb
collaboration observed R(D*) = 0.281 + 0.018(stat.) £ 0.024(syst.) and R(D) = 0.441 £
0.060(stat.) = 0.066(syst.). The values are consistent with the SM prediction [40,56] within
1.9 0. Figures 13 and 14 show the current status of these observables R(D(*)), as reported
by various experiments [31].

The T polarization fraction and the longitudinal polarization fraction of D* meson in
B — D*tvand B — J/¢tv have (1.40)2.5 0 [48,49] and 1.8 ¢ [50] deviations, respectively.

Both R(K) and R(D(*)) measurements are crucial tests for LFU. The global fits of
R(D(*)) measurements show that the ratio of B-meson to D-meson decays tends to be
larger (by about 3.2 ¢) than the SM prediction.

Since T lepton is much heavier than the y lepton, it is expected to observe differences
in the rates of b-meson decays.

(«) _ T(B— DWriy)
b 1(B—= DWIy)
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Figure 13. Plot showing R(D) and R(D*) values obtained by the BaBar, Belle, and LHCb collabora-
tions by the heavy flavor averaging group [57].

The predictions for the ratios R(D) and R(D*) in the Standard Model (SM) exhibit a
high level of accuracy due to their independence from errors arising from the CKM-matrix
element V,;, and hadronic matrix elements. The revised values of R(D) and R(D*) align
with both the current world average compiled by the HFLAV collaboration [57] and the
SM prediction, with a significance of at 2.2 ¢ and 2.3 o, respectively. The collective outcome
of the LHCb experiment yields enhanced sensitivity in detecting potential deviations from
lepton universality.
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Figure 14. Lepton universality results (left) R(D) and (right) R(D*) obtained by the BaBar, Belle, and
LHCb collaborations [57].

3.6. R Measurement

LFU in Q0 is probed for the first time Q? — Q%*v; decays using 89.5, 711, and
121.1 f b1 data collected at the center-of-mass energies of 10.52, 10.58, and 10.86 GeV at
Belle [58]. Signal yields are extracted by binned ML fits to the invariant mass spectra. The
significance of the QY — Q" is larger than 10 ¢, and QY — Q° vy decay is observed
for the first time in Belle. The obtained signal yields are 865.3 & 35.3, 707.6 & 37.7, and
367.9 =+ 31.4 signal events for Q) — Q%7", O — O~ eTv;, and QY — Q™ ptvy, respec-
tively (Figure 15). The ratio of the branching fractions of O — Q~eTv;and QY — Q™ pt vy,
R(Q)) was obtained as 1.02 £ 0.10 = 0.02 [59], which is consistent with the expectation of
lepton flavor universality, 1.03 + 0.06 [57]. This is the first test of LFU in the charmed baryon
decays using data of the Belle experiment.
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Figure 15. The fits to the (a) M, (b) M., and (c) Mg, distributions for the selected candidates
from data [59]. Dots with error bars represent the data, solid lines are the best fits, and dashed lines
are the fitted total backgrounds.

4. Conclusions

Recent research has shown that studying flavor anomalies in high-energy physics is
a popular and active topic. The reasoning behind this phenomenon might be attributed
to the recognition of signs that imply possible inconsistencies between the experimental
results and the predictions generated from the Standard Model. The most recent observa-
tions of branching fractions and angular distributions in the decays of b — sy~ u™ have
predominantly relied on accurate data from the Large Hadron Collider beauty (LHCb)
experiment. These measurements have revealed a notable and constant deviation from the
predicted outcomes, according to the SM. Tensions have been identified in the LFU tests
conducted on Rk, Rg+, and Ry as well. While the individual data exhibit tensions with
varied significance levels ranging from 2 to 3 o, the amalgamation of these measurements
yields a coherent depiction. Formulating a definitive conclusion about the LFU presents a
considerable challenge. There is potential for further developments in the investigation
of “flavour anomalies” with the collection of additional data by LHCb, CMS, and Belle II.
These experiments aim to identify any potential violations of LFU.

Though the very recent measurements of Rx and R} are consistent with the SM, the
excitement remains on the measurements of the LHCb experiment with the observables
B(Bs — ¢u'u~), which have deviations at the level of 3.6 ¢. Additionally, standard
deviations of 3.3 ¢ and 1.2 ¢, respectively, for P5, in B — K*u"u~ and the branching ratio
in B; — uu~ processes are observed.

The charged current transitions conducted by the B-factory experiments, Babar and
Belle, as well as by LHCb, have yielded indications of lepton-flavor violating searches.
These findings suggest the possibility of lepton-flavor universality breaking in tree-level
b — cly; transitions. The major measurements in this sector involve the lepton flavor
universality ratios Rp, Rp+ and R;,y, which pertain to the tauonic and muonic decays. The
average of the individual Rp and Rp+ measurements obtained from the experiment exhibits
a significant discrepancy, with a tension of more than 3 ¢ significance, when compared to
the prediction made by the SM.

Two further intriguing b — sll processes include the decays Bs — ¢up and Bs — féyy.
The Large Hadron Collider beauty (LHCb) experiment has yielded the most accurate results
to date regarding the decay process of b — sy ™. Nevertheless, it is worth noting that a
significant portion of the analyses conducted thus far have not fully utilized the complete
dataset from LHC Run 1 and 2. Consequently, we can anticipate a multitude of intriguing
experimental findings in the coming times. The inclusion of data sample from Run 3 will
enhance the accuracy of the findings. Other LHC experiments like ATLAS and CMS will
also play a major role.

In addition to the experiments conducted at the Large Hadron Collider (LHC), the
Belle II experiment will also contribute to the field by offering more precise measurements
of inclusive decays. Consequently, it will serve as a crucial component in independently
confirming the findings obtained from the LHC experiments.
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Although the Standard Model (SM) has achieved remarkable success as a mathematical
framework, it still does not account for several mysteries. This work examines the current
state of LFU violation anomalies in B physics, considering both theoretical and experimental
perspectives. These anomalies have the potential to provide new insights into the gathering
and analysis of data, hence offering explanations far beyond the Standard Model (BSM)
physics. In recent times, the LFU ratios associated with neutral-current (Rx, Rg+) have been
discovered to align with the predictions of the SM and are considered to be observables that
possess theoretical integrity. The recently revised results for (Rp, Rp+) have been presented,
demonstrating a significant overall significance within a range of 3 ¢. There are new results
expected for the b — sl channels, which could shed more light on the flavor anomalies. In
conclusion, the outlook for the future appears highly favorable, as forthcoming findings
are anticipated from the collaborative efforts of CMS, LHCb, and Belle II. The future has
promising prospects for both theorists and experimentalists.
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SM Standard Model
LFU Lepton flavor universality
NP New physics

BSM Beyond Standard Model
GIM Glashow, Illiopoulos, and Maiani

QCD Quantum chromodynamics
LHC Large Hadron Collider

EFT Effective field theories

OPE Operator product expansion

CKM Cabibbo-Kobayashi-Maskawa
UML Unbinned maximum likelihood
LQCD  Lattice quantum chromodynamics
PDF Probability density function

CP Charge-conjugation parity

LHCb  Large Hadron Collider beauty
CMS Compact Muon Solenoid

ATLAS A Toroidal LHC Apparatus
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