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Abstract: Semileptonic decays of b- to c-hadrons provide an exciting environment to probe new
physics and currently present some of the most compelling anomalies in the field of flavor physics.
Measurements of the lepton flavor universality ratios R (D(*)), comparing branching fractions with
T and y leptons, show a discrepancy of over 3¢ with respect to the Standard Model, and suggest that
the coupling to T leptons is stronger than predicted. Measurements of angular distributions as well as
polarization in b- to c-hadron decays provide additional sensitivity to new physics. This review article
offers an overview of the theory of semileptonic b- to c-hadron decays, presents the experiments and
experimental techniques used to perform measurements of these decays, and summarizes the latest
experimental results with their implications.

Keywords: semileptonic decays; flavor physics; lepton universality; B physics

1. Introduction

The Standard Model (SM) of particle physics is a well-established theoretical frame-
work that describes the fundamental particles and their interactions. It classifies all known
subatomic particles into two groups: fermions, which are the building blocks of matter, and
bosons, which mediate the fundamental forces. A key assumption within the SM is lepton
flavor universality (LFU). This principle states that the interactions of leptons (electrons,
muons, and tau particles) are identical except for differences due to their masses. This
assumption leads to predictions about the rates and kinematics of particle decays involving
different kinds of leptons.

The study of b hadrons provides a unique window into the fundamental interactions
that govern particle physics. Of particular interest are semileptonic decays of B mesons, like
B — D™ ¢y, decays, where ¢ = ¢, ji or T leptons. These processes, involving a transition
from a B meson to a D meson (or its excited states) accompanied by a lepton and a neutrino,
are probes which are sensitive to the SM and potential new physics. The inclusion of
charge-conjugate decay modes is implied. Throughout the paper, the signs conventions
apply to b — ¢, and can be extended to b — ¢ transitions with proper sign change.

The semileptonic decays involving a T lepton, usually called semitauonic decays,
are of special interest. These decays are mediated in the SM by the charged-current weak
interaction, where the underlying quark transition b — ctv; is governed by the exchange of
a W boson. The rates and distributions of these decays can precisely be predicted within the
SM framework. However, experimental results from BABAR, Belle, and LHCb have shown
deviations from these SM predictions. These anomalies are observed by measurements of
the ratios R(D) and R (D*), defined as the following ratio of branching fractions:

B(Ej—> DTUT), R(D*) = B(Ei—> D*TI/T)’ 1)
B(B — Dgl/g) B(B — D*EVK)

where £ represents either an electron or a muon. The world average values of the existing
measurements of R(D) and R(D*) exceed the SM prediction by about three standard

R(D) =
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deviations. This deviation has led to considerable theoretical interest and prompted a
wide range of hypotheses to explain the anomalies. See Refs. [1,2] for previous reviews
on LFU tests with semileptonic decays, and Refs. [3,4] for general reviews of theory and
experimental techniques for semileptonic b-hadron decays.

We begin this review with an overview of the semileptonic decays in the SM in
Section 2. In Section 3, we provide an overview of the experimental techniques essential to
perform semileptonic decays at B factories and at LHCb. In the following section, Section 4,
we report a summary of the measurements of the R (H,) ratios obtained at B factories and
at the LHC. We focus the short descriptions of the analyses on a few key points. We also
describe additional measurements beyond the R(H,) ratios that could have significant
impact with larger datasets. In Section 5, we show the world average for R(D) and R(D*)
as obtained by the HFLAV collaboration and discuss its implications. In the last section,
Section 6, we briefly explore the near future of LFU searches.

2. Semileptonic Decays and Lepton Flavor Universality

Semileptonic decays of b hadrons (Hj) are well understood in the framework of the
SM. At the lowest order, H, — H.{v; decays proceed through the electroweak transition
b — clvy, as illustrated in Figure 1. These processes are theoretically described by the
electroweak effective Hamiltonian,

Hett = 4\%‘% (©yuPLb) (Ex" Prvy), 2)
where, as usual, spinors are represented by their corresponding particle symbols (the corre-
sponding adjoint fields are represented with the overlined particle name), P, = (1 —5)/2,
Gr is the Fermi constant, V,;, is an element in the CKM matrix, and the W-boson is inte-
grated out at tree level exploiting the m;, < myy hierarchy. A crucial feature of semileptonic
decays is that the leptonic current and the hadronic part factorize in the matrix element. As
consequence, the decay amplitude for H, — H.fv, takes the following form [5,6]:

M(Hb — HCEVE) X VCbLﬂ<HC|E’)/yPLb|Hb>, (3)

where L* is the leptonic current. The QCD corrections are fully included in the hadronic
matrix element (H;|c7y, PLb|Hp). A small violation of this factorization is due to the QED
corrections arising from, for example, photon exchange between quark and leptons. These
are assumed to be small and added as corrections to the decay amplitude.

-
vy
W
b > > c
Byl Dyt
q < q

Figure 1. Diagram of the B; — D;*HE*W decay for the SM process mediated by vector boson W.

The hadronic matrix element can be parameterized in terms of form factors, which are
non-perturbative functions of the momentum transferred by the lepton system,
7* = (pu, — pH.)* = (pe + pv,)?, where p; are the four-momenta of the particles consid-
ered. In the following, we briefly describe the exclusive semileptonic B —+ D/{v, decays as
an example. The hadronic matrix element in Equation (3) for B — D transitions (where
only pseudoscalar mesons are involved) becomes

) mi—md "2 — m2
(DIey"6|B) = £+ () (pﬁ - quDq%) ARy, @



Symmetry 2024, 16, 964

30f26

where pp and pp are the four-momenta of the mesons and the £ (q%) and fo(q) are the

two relevant form factors. The differential branching fraction for the B — D/{v, decay can
be written as [7]

dB(B — Dlvy) 1/2 mi\*[ A MmN o o mh\*3m3 ,
OB = VOV oqppl2 (1) | A (1 T 1- "D
dqz X Tp qz m% + 2‘72 +(q ) + m% 2[]2 fo (q ) ’ ®)

where A = A(g?, mp, mp) = (g> — m3% — m%)? — 4mim?, T3 is the B meson lifetime, and
the constant of proportionality is WEWG%ch |2m 8/19273. Factor new takes into account
the short-distance EW corrections, and is known well to be n7pw =~ 1.0066 [8]. For the case
of light leptons, ¢ = e, j1, the contribution from fy(4%) in Equation (5) becomes negligible
because it is suppressed by m% /q* while it is relevant for decays into T leptons.

The predictions for the B — D/{v, branching fraction for various kind of leptons
are determined by integrating Equation (5) over the ¢? ranges from ¢2,, = m? to q2,,, =
(mp —mp)?. This requires knowledge of form factors fy + (4%). There are various theoretical
approaches to compute the form factors. For a detailed review, see Ref. [2]. Among the
various methods, lattice QCD (LQCD) and light-cone sum rules (LCSR) are the most
frequently used. For the B — D/{v; decay, there are many LQCD results available at zero
recoil, where the hadron in the final state is in the b-hadron rest frame. Modern LQCD
results are obtained beyond zero recoil; see Refs. [9-11]. The calculations based on LCSR
are valid in the region of negative g> and are assumed to be valid in the physical region of
small g2 (large recoil). In general, the extrapolation to the full 4> range requires a proper
parameterization. In the past, the commonly used parameterization was the one formulated
in Ref. [12] (CLN), but at present, only the less model-dependent parameterizations from
Ref. [13] (BGL) and Ref. [14] (BCL) are used.

The lepton flavor universality can be probed by calculating the ratio of branching
fractions between light leptons (¢ = e, #) and 7. This ratio can be written in general for any
b hadron (Hp) decaying semileptonically into a ¢ hadron (H,) as

B(Hb — HCTI/T)
B(Hb — HCEVg) !

where the branching ratio in the denominator can be either for £ = e or ¢ = y, but in some
measurements it can represent the average of the branching ratios with £ = eand ¢ = p.

This ratio is typically used instead of the absolute branching fraction of H, — H.tv,
decays to cancel uncertainties which are common to the numerator and the denominator.
These include |V,;| and several theoretical uncertainties on the hadronic current. Also,
many experimental reconstruction uncertainties are canceled. Ratio R (H,) depends on the
mass of the leptons involved and is lesser than unity because of the much higher mass of
the 7 lepton compared to ¢ = ¢, it leptons. It is also affected by the hadronic form factors
whose contributions depend on the lepton masses as well, such as fy(g?) in the B — D/v,
case. For a vector final state, like the decay B — D*{vy, both the vector and the axial
currents contribute to the hadronic matrix element. In this case, there are four form factors
that contribute to the decay. In the limit of zero lepton mass, only three of them are relevant.
Detailed calculations can be found in Refs. [4,15].

The theoretical uncertainties on R (H,) predictions are dominated by the uncertainties
on the form factors. The common form factors, which are relevant independent of the
lepton masses, can be extracted from the analysis of the differential rate of H, — H.lvy,
with ¢ = e, u. For example, the analyses of the differential rate of B — D/v; as a function
of 4%, carried on by BABAR and Belle, allow determination of the shape of the form factor
f+ (%) with great precision. For the B — D*{v, decays, with D* decaying into D7t or D7y,
the determination of the form factors requires a multidimensional analysis. The kinematic
variables usually adopted are: 42, the helicity angles of the D and the lepton , 8),,; and 6,
respectively, and the angle x between the hadronic and leptonic two-body decay planes.
For / = ¢, y, these analyses are carried out by BABAR, Belle and Belle II, allowing a precise
determination of the three form factors relevant for the massless lepton case.

R(Hc) = (6)
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In Table 1, we report a summary of various predictions of R(D) and R(D*). We
do not foray into the details of these calculations. Most of these use both theoretical
and experimental inputs for the shape of the form factors of B — D{v, and B — D*{v,
decays. While the predictions for R(D) are consistent for both the central values and
uncertainties, there are some differences for R(D*). It has been challenged, for example, in
Ref. [16], that a pure SM prediction should not use data from semileptonic decays into light
leptons to constrain the form factor shape, because there could be new physics affecting
these decays as well. While we believe this is in principle correct, at present, the LQCD
calculations are not precise enough and are valid only in a limited region of high g2. Under
the assumption that new physics only affects semitauonic decays, the predictions that use
both experimental data and LQCD can be considered SM predictions.

Table 1. Predictions for R(D*) and R(D). Some calculations extract simultaneously R(D*) and
R(D) from a global fit and also provide correlations, but these are ignored here. The calculation
below the HFLAV average are not included in the average but are shown for completeness. In the
future, the combination of the SM predictions should be revisited including more recent predictions.
The last three predictions for R(D*) are based only on LQCD calculations.

Prediction R(D*) R(D)

D. Bigi, P. Gambino [7] 0.299 + 0.003
P. Gambino, M. Jung, S. Schacht [17] 0.25410007

M. Bordone, M. Jung, D. van Dyk [18] 0.247 £ 0.006 0.298 £ 0.003
F. Bernlochner, et al. [19] 0.257 £+ 0.003 0.299 £+ 0.003
S. Jaiswal, S. Nandi, S.K. Patra [20] 0.257 £ 0.005 0.299 £ 0.004
BABAR Coll. [21] 0.253 4+ 0.005

G. Martinelli, S. Simula, L. Vittorio [16] 0.296 + 0.008
Arithmetic average (HFLAV) [22] 0.254 + 0.005 0.298 4 0.004
D. Bigi, P. Gambino, S. Schacht [23] 0.260 £ 0.008

M. Bordone, M. Jung, D. van Dyk [18] 0.250 + 0.003 0.297 + 0.003
F. Bernlochner, et al. [24] 0.249 + 0.003 0.288 £ 0.004
FLAG Coll. [25] 0.2951 + 0.0031
G. Martinelli, S. Simula, L. Vittorio [26] 0.275 4+ 0.008

I. Ray, S. Nandi [27] 0.258 +0.012 0.304 + 0.003
FNAL/MILC, A. Bazavov et al. [9] 0.265 £+ 0.013

HPQCD, J. Harrison, C. Davies [10] 0.273 £0.015

JLQCD, Y. Aoki et al. [11] 0.252 +0.022

G. Martinelli, S. Simula, L. Vittorio [28] 0.262 +0.009

M. Bordone, A. Juttner [29] 0.262 + 0.005 £ 0.012

The FNAL/MILC Collaboration conducted the first unquenched LQCD calculation of
the form factors for the B — D*{v, transition at non-zero recoil. Their prediction for R (D*)
i$ 0.265 £ 0.013 [9]. The HPQCD and JLQCD collaborations have also released their own cal-
culations, with predictions of R(D*) = 0.273 £ 0.015 [10] and R(D*) = 0.252 +0.022 [11],
respectively. Combinations of these lattice calculations have recently been performed in
Refs. [28,29], and the results are reported in Table 1. It is worth to mention that the results
of joint fits between LQCD and experimental data are slightly in tension with these LQCD-
only calculations. The result obtained by FNAL/MILC is R(D*) = 0.2492 + 0.0012 [9],
while HPQCD obtained R(D*) = 0.2482 4 0.0020 [10]. Moreover, JLQCD predicts a slope
for the form factors which is not consistent with FNAL/MILC and HPQCD. Hopefully
future calculations will provide higher precision even further from zero recoil, making the
various approaches used in the extrapolation to the full range less relevant.

The discussion above for B — D/¢v, and B — D*{v, decays can be extended to other
hadrons and to decays into other excited charm hadron states. A comprehensive summary
of existing predictions is shown in Ref. [30]. Here, we just report some of the predictions
for semitauonic decay modes that have already been observed.
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1. Ay = Aclvy: measurements of semileptonic A, decays probe different spin structures.
The precise predictions of R(A.) = 0.324 & 0.004 were obtained in Ref. [31], combin-
ing LQCD calculations for A, — A, form factors beyond zero recoil from Ref. [32]
and data available for A, — Acpv, from LHCb [33].

2. Bc — J/¢lvy: these decays, with [/ — utpu~, provide a clear experimental signa-
ture for LFU tests thanks to the leptons in the final state. The recent LQCD calculation
from Ref. [34] provides a high-precision prediction of R(]/¢) = 0.2582 £ 0.0038.

In addition to ratios R(H,), a wide range of observables for semitauonic b-hadron
decays have been extensively analyzed in the literature. These observables could be
valuable in further constraining additional operators of new physics models. Of particular
interest are the measurements of D* and T polarization.

The differential decay rate for B — D*/v, decays with D* — D, integrated over g2,
cosfp and x is

1 ar sin2 ghel

T d cos 0y, 2 7
where F, = FP" =T)_¢(B — D*{v)/T(B — D*¢v) is the fraction of the D* longitudinal
polarization (D* helicity A = 0). A similar analysis can be conucted for B — D™ 1y,

followed by the hadronic T decay in T — hv. The differential rate as a function of cos 6y,
where ), is the helicity angle of hadron k, can be written as

o Fp, COS2 9hel + (1 — FL) (7)

1 dr 1 P

———— = = +ap— cos by, 8

I'dcosb, 2+ hy €8T ®)
where P is the T polarization and ay, is a constant that depends on the final state. This is
ay, =~ 1 for a pion, which is the best polarizer, and it decreases with the increasing mass
of hadronic state . Some recent predictions for FP " and P; are shown in Table 2. To date,

only a few measurements have been conducted, and these are detailed in Section 4.3.

Table 2. Predictions for the T polarization Pr and the fraction of the longitudinal D* polarization FF '
for recent LQCD calculations and their combinations reported in the last two rows.

Prediction P (D*) FP”
FNAL/MILC, A. Bazavov et al. [9] —0.529 4+ 0.007 0.418 + 0.009
HPQCD, J. Harrison, C. Davies [10] —0.547 £ 0.019 0.395 + 0.024
JLQCD, Y. Aoki et al. [11] —0.509 + 0.011 0.448 + 0.016
G. Martinelli, S. Simula, L. Vittorio [28] —0.521 £ 0.006 0.425 + 0.007
M. Bordone, A. Juttner [29] —0.522£0.006723  0.424 £ 0.007 3}

3. Experiments and Experimental Techniques

The semileptonic decays of heavy hadrons produce final states with charged tracks
or neutral particles, a charged lepton and at least one neutrino. The presence of the
neutrino places many challenges for the separation of signal from background and for
the reconstruction of the full decay kinematics. The most recent results on b-hadron
semileptonic decays come from e*e™ experiments operating at the Y(4S) energy and from
pp collisions at the Large Hadron Collider (LHC).

Here, we present key features of b-hadron production in different environments which
are relevant for understanding the experimental setup and analysis techniques developed
to study semileptonic decays.

3.1. General Experimental Techniques

To mitigate the fact that all decays are partially reconstructed decays due to the
neutrino, each of the measurements in this paper uses template fits based on Monte Carlo
(MC) simulations. These simulations are cross-checked with fully reconstructed control
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channels, and data-driven corrections are applied when necessary. The fit variables chosen
for the templates are kinematic variables that best distinguish the signal channel from the
normalization channel and other backgrounds. One of the most challenging parts of these
analyses is obtention of correct MC templates for each of the components. MC samples
are often corrected for b hadron kinematics, as well as track occupancy in the detector,
using control samples. In addition, the MC samples are reweighted to match different form
factors parameterizations.

Common backgrounds to all analyses come from the following sources: partially
reconstructed B decays, such as semileptonic decays to excited charm mesons or B decays
to two charm mesons, one of which decays semileptonically; candidates where the muon
is a misidentified particle, either a pion or a kaon; and combinatorial backgrounds from
combinations of unrelated particles from different decay chains.

Since the measurements of the ground states are often affected by the decays of excited
states (feed-down), they are usually performed by either measuring only the excited state
or by performing a simultaneous measurement of the excited and ground states. Since
these different states contain different spin structures, simultaneous measurements allow
putting more stringent constraints on models of physics beyond the SM; see Ref. [2].

3.2. Semileptonic Measurements at B Factories

At B factories, B mesons are produced through the decay of Y (4S). Y(4S) is the lightest
bb resonance with mass above the BB pair production threshold. This resonance decays
almost exclusively in BB and B* B~ with about the same rate. Due to the small mass
difference between the Y (4S) state and BB pairs, the B mesons are generated with very
low momentum in the Y (4S) center of mass. Specifically, the momentum of the B meson is
approximately |pg| ~ 330 MeV. This is why the decay products of the two Bs are almost
isotropically produced in the Y (4S) rest frame.

At the energy corresponding to the mass of the Y(4S5), the cross-section of the e e~ — Y(4S)
process is approximately 1.06 nb, resulting in about 1.1 x 10°/fb~! BB pairs. However, at
this energy, only about one-fourth of all the hadronic events produced are Y (4S), with the
remainder being non-BB events. These events are a background, usually called continuum
background. In general, they are rejected exploiting the difference between the topology of
particles coming from Y (4S) decays and from e*e™ — g7 processes: tracks fromeTe™ — g7
processes are produced in two opposite jets, while they are spherical for B meson decays.

Semileptonic analyses often benefit from a technique known as B-tagging, which
requires reconstructing the signal B meson along with the second B meson present in the
event. B-tagging is highly effective in reducing the impact of the continuum background
and generally improving event reconstruction.

B-Tagging

In the Y(4S) — BB decay, there are only two B mesons in the final state. By recon-
structing one of them in exclusive decay modes, the rest of tracks and neutrals must come
from the other B meson. This technique, called B-tagging, allows considerable reduction in
combinatorial and other backgrounds. The tagging B meson is labeled Bt,g in the following.
In addition to background reduction, the information on the direction of Bisg is often used
to constrain the kinematics of the full event and improve the resolutions in the study of the
signal B meson (Bj;¢) decay. B-tagging techniques can be classified in two main approaches:

1. hadronic tagging : the By, is fully reconstructed into a combination of many different
hadronic decay modes. Each decay mode starts from a set of well-reconstructed charm
mesons, like D°, DT, D*t, D*0, D, D} or |/, combined with additional charmless
mesons (+, K, 7% and K;) to form possible B candidates. To optimise efficiency,
over a thousand possible decay chains are taken into consideration. The two variables
used to test the compatibility with a B meson are:

(a) AE = Ey — E;, ..., the difference between the energy of the B candidate in

Y (4S) and the expected B candidate energy fixed by the energy of the beams;
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(b)  the energy substituted mass, mgs = |/ Ej2  — |pj|?%, where fj is the momen-
tum of the B candidate.

Over time, hadronic B-tagging has been improved by both BABAR and Belle via
including more decay modes and using neural networks [35].

The tagging efficiency depends on the multiplicity and the kind of particles present in
the analyzed final state. The average overall efficiency is about 0.5% for the tagging B
and about 0.3% for B® with a purity, which is the probability that a specific decay chain
is correctly reconstructed, of about 10-30%. The reconstruction of the four-momentum
of the By, allows determination, event by event, of the four-momentum of the signal
B meson (Bs;¢) even in the presence of neutrinos using

szig = pY(4S) - thag’ (9)

where py (4S) is the four-momentum of the initial Y (4S) which is determined by the
energy of the initial electron and positron beams.

2. semileptonic tagging: By, is reconstructed using B — D*/v; and B — D/{v, decays.
These decays have the highest branching fractions of B decays and comprise more
than 7% of B decays. Moreover, the efficiency of reconstructing semileptonic decays is
higher than the one of reconstructing fully hadronic B decays. It can range between
0.5 and 1.0% according to the required purity. The downside is that the background is
higher than for the hadronic tagging and that the presence of the neutrino on the tag
side does not allow for tight kinematic constraints. The key variable to select the tag
side is the cosine of the angle between the B candidate and the visible system Y,

2EgEy — m% — m?,
2|psllpy|

cos Oy = (10)

where Y = D/ or D*/. The energies and momenta of the B meson and the Y system are
computed in the Y (4S) rest frame, and these are well known from the parameters of
the accelerator. For a single massless particle missing, cosfpy is limited to the physical
range of —1 to 1. Instead, for an incorrectly identified tag-side, due to B — D**/v or
other decays with a D*(*) and a lepton in the final state, it can extend beyond these
boundaries due to additional missing particles.

3.3. Experiments at LHC

The production mechanism of b quarks at hadron colliders are quark annihilation
qq — bb and gluon fusion processes g4, §¢ — bb, where the latter ones are dominating [36].
These different processes have different final state kinematics. The gluon splitting produces
bb pairs with a small opening angle and small transverse momentum, pr. In the forward
(and backward) direction, gluon splitting is the dominant process, which is what the LHCb
detector is designed for [37]. Since all b-hadron species are created, such as BT, BY, Bg, BZ,
and AY, the range of possible LFU measurements can be greatly expanded compared to the
measurements from the B factories.

The LHCb experiment covers the forward acceptance with pseudorapidity # in the
range of 2 < 57 < 5. This corresponds only to 4% of the full solid angle, but captures about
25% of the total pp — bb event cross-section. In the pseudorapidity range of 2 < 17 < 5,
the visible b-hadron cross section was measured to be 72 ub at 7 TeV and almost double
at 13 TeV with about 144 ub [38]. Details about the various subdetectors and the overall
performances are described in Ref. [37,39].

The acceptance of the general purpose experiments CMS and ATLAS is limited to the
central region of || < 2.2. This makes the experiments 40% efficient for pp — bb processes.
For the time being, the only semileptonic b —c measurement performed is a measurement
of B, — J/ytv decays by CMS [40]. This result is summarized in Section 4.2.3.
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The LHCb experiment recorded 3 fb~! of data in 2011-2012 at /s =7-8TeV (Run 1)
and 6fb~! in 2015-2018 at v/s =13 TeV (Run 2). In 2018, the CMS experiment recorded 59.7
fb~! of pp data at /s = 13 TeV, which is analyzed for the measurement of ratio R(J/y).
During Run 3, which started in 2022, both LHCb and CMS were recording data at /s = 13.6
TeV. So far, no LFU measurements have been published using this dataset.

The advantage of a large amount of b quarks comes at the price of large amounts of
background. The LHC experiments cannot rely on the full reconstruction of the rest of the
event; hence, other reconstruction techniques are used to suppress various backgrounds
which are explained in the following sections.

3.4. Semileptonic Measurements at LHCb

At LHCb, the momentum of the b hadrons in production is not known, so the iden-
tification of semileptonic events relies almost exclusively on the very good vertex recon-
struction capabilities for the identification of the B flight direction and the secondary
decay vertices. LHCb has an excellent muon reconstruction. Electrons, however, are af-
fected by bremsstrahlung that degrades their momentum reconstruction. Therefore, most
LFU measurements in LHCb consider only muons. Recent improvements on the electron
reconstruction have encouraged ongoing analyses with electrons.

The b hadrons produced in LHCb are highly boosted (8 = 50) in the forward direction
such that they have a mean flight length of about 1 cm. Together with the high resolution on
the vertex position, this is crucial for the reconstruction of the signal event. The separation
between the B decay vertex and the primary vertex, PV, mainly reduces the combinatorial
background. In addition, since the decay products of the second b hadron, which usually
is produced within LHCb’s acceptance, are well separated in #, the wrong assignment of
tracks from the other b hadron is negligible.

Over 99% of inelastic pp collisions do not produce b quarks, making them a significant
source of background. Therefore, the trigger must be efficient in detecting b hadrons
while having a high rejection rate for backgrounds. In LHCDb, the trigger takes advantage
of the long lifetime of b hadrons. As these particles have a relatively large mass, their
decay products have an average pt higher than typical particles produced in pp collisions.
The trigger uses a combination of hardware (L0) and software stages. The LO trigger
relies primarily on the muon detector and the calorimeter response and is very efficient in
triggering muons. However, since muons from tau decays have a much lower (transverse)
momentum than muons that come directly from the B meson decay, muon triggers are
inefficient for selecting the signal channels for measurement of LFU ratios and therefore
not used. Instead, the hadrons in the decay are used to trigger on, which are the same for
the signal and normalization channel.

At the luminosity of the Large Hadron Collider (LHC), a significant number of multiple
proton—proton collisions occur simultaneously in the same bunch crossing. To improve
measurements with b hadrons, which need well-reconstructed production and decay
vertices, LHCb reduces the luminosity locally to 1.8 visible collisions per bunch crossing on
average during Run 1 and Run 2.

Reconstructing B Kinematics

All muonic analyses use kinematic variables that are selected to offer a good discrimi-
nation between signal and normalization channels, as well as other backgrounds. To use
these, one needs to proceed to the B candidate rest frame. Since the B momentum cannot
be fully reconstructed in hadron colliders, an approximation must be made. Different
approximations are used by the LHCb and CMS experiments. The analyses performed by
LHCb assume that the boost of the visible B decay products along the beam axis is equal
to that of the b hadron: (vB:)g = (7Bz)B,,- CMS instead uses the assumption that the
four-momentum of the B equals the four-momentum of its visible decay products, scaled
by the mass of the B according to the PDG: pp = mp/myis - Pyis-
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Then, kinematic variables can be defined: the muon energy in the B rest frame, E};

the missing mass squared, m2. .. = (pp — pp — pu)? and the squared four-momentum

transfer to the lepton system, g°> = (pg — pp)?. The muon energy is much higher for the
normalization channel than for muons coming from tau decays, where a significant amount
of energy is attributed to the neutrinos in the tau decay. The missing mass squared variable
represents the invariant mass of the neutrinos and thus peaks around zero for muon decays,
while it has higher values for the tauonic decay. The energy transferred by the lepton pair,
7%, is higher for tau decays than for the normalization channels.

Backgrounds from partially reconstructed B decays, including backgrounds with
two charmed hadrons, can be suppressed by using isolation requirements. This ensures
there are no other charged or neutral particles around the signal candidate and naturally
suppresses partially reconstructed decays. A common method used in the LHCb mea-
surements, described in Ref. [41], uses a multivariate analysis (MVA) method. Based on
the track’s separation from the PV and decay vertex, the angle between the track and
candidate momentum vector, and the decay length significance under the hypothesis that
the track does or does not originate from the candidate, the algorithm assigns a value on the
likelihood of the track originating from the signal B candidate or from the rest of the event.
A cut on this value reduces the number of partially reconstructed background events.

3.5. Tau Decays

Measurements of LFU in semileptonic b — ¢ decays can be split by the T decay
mode, which can be leptonic or hadronic. Each comes with its own advantages and
disadvantages. The leptonic T decays are either T~ — p~v,vr or T~ — e Vv decays,
which thus introduce an additional two neutrinos in the final state. The benefit of these
decay channels is that the final states of both the signal and normalization channels are
equal, which results in a cancellation of many systematic uncertainties related to the light
lepton. It also allows extraction of R(H,) from a single dataset.

Hadronic decays can be split according to the number of charged pions into one-
prong, T~ — 7~ (7°)v, and three-prong, T~ — 71~ 1~ ("), decays. The three-prong
decays offer a possibility to reconstruct the T decay vertex and hence suppress backgrounds
by requiring a distance between the B and the T vertex. This works only for the LHCb
experiment, since the B decays at B factories are not produced with enough boost to
sufficiently displace the T vertex. The one-prong decays, one the other hand, are only used
at B factories. At the LHC, these decays are too difficult to reconstruct and distinguish from
backgrounds. Both of these decays result in different signals and normalization modes in
LFU ratios. Therefore, they are measured with respect to another hadronic decay, and ratio
R(H,) is calculated using external inputs. More precise determinations of those inputs
results in more precise measurements of R (H,).

4. Tests of Lepton Universality

In this section, we describe the most recent measurement of semitauonic results
performed at the B factories and at the LHC.

4.1. Measurements of R(D) and R(D*)
4.1.1. B Factory Measurements with Muonic T Decays

The first precise measurement of R (D(*)) was performed by BABAR using the full
dataset of 471 x 10° BB pairs [42,43]. The Belle experiment followed with an analysis of
their 772 x 10° BB pairs using a similar analysis strategy [44].

Both analyses use the hadronic B-tagging approach. The signal and the normalization
channels are selected using the same particles in the final state. The event selection requires
the reconstruction of a D or D* meson and a charged lepton ¢ that can be an electron or
a muon (¢ = e or ). The events are required to have a well-reconstructed By, and no
additional tracks. The D® and D* mesons are reconstructed using different combinations
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of KT, Kg, and 779" with an invariant mass close to the nominal D meson masses. The
higher-mass D*? and D** mesons are identified by their D* — D7 and D* — D+ decays.

The reconstruction of the Bysq strongly reduces the non-BB background and misrecon-
structed events. The remaining backgrounds are further reduced by using outputs from
multivariate classifiers. A key variable used in the multivariate classifier is the sum of the
energy deposits in the calorimeter that is not associated with the signal or the Bt,g (usually
called Egcy. or Eextrq). This quantity is used as input to the multivariate classifiers designed
to reject events with additional neutral clusters, like D** meson decays with ¥ mesons in
the final state. The multivariate classifiers are trained using MC samples.

The BABAR measurement requires a minimum value for the output of the classifier
to select signal-enriched events. The signal determination employs a two-dimensional fit
to the square of the invariant mass of the undetected particles, defined as m2,, . = p2,. =
(PB4 — Pp) — pe)? (where PBgg Pp(+) and py denote the four-momenta of Byjg, the D)
meson, and the charged lepton, respectively) and the magnitude of the lepton momentum
in the Bsig rest frame (|p;|). Belle instead performed a simultaneous one-dimensional fit to

the m? . inthe m? . < 0.85 GeV? region, which is dominated by the normalization decays,
and a one-dimensional fit to the output of the multivariate classifier (O};) in the high mml -
region, which is a region enriched by the signal. The shape of the probability distribution
functions that describe each of the contributions is taken from MC simulations, with
various assumptions on the signal and normalization form factors and on the composition
for the various backgrounds. Both experiments determine the yields for the signal and
normalization B decays and background contributions using a maximum likelihood fit for
the D%, D*¢,D*0¢, and D**¢ data samples. The final results are obtained assuming isospin
relations between the various modes, adding constraints based on the known branching
fractions and simulated relative efficiencies. In Figure 2, selected projections for the BABAR
fit result are shown for illustration.
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Figure 2. Distributions of the square of the missing mass, m2 . (left), and the magnitude of the

miss
momentum of the charged lepton in the Bg;, rest frame, |p}|, (right) for BY — D*/¢v (top) and

BY — D** (v (bottom) candidates as obtained by the BABAR measurement [42,43]. The distributions

of |p}| shown here are obtained in the signal enriched region m? . > 1 GeV?2.

Semileptonic B decays to higher-mass D** mesons are, among the various background
contributions, the most challenging because their branching fractions and form factors
are not well known. Since the D** mesons decay to a D or a D* meson plus additional
particles, the B — D**/v, components have a broader m “iss distribution that can mimic
the signal. These contributions are estimated by special control samples based on the same
signal selection but requiring an additional reconstructed 7t° meson. These special control
samples have values of m?2 ;. close to zero for decays of the form B — D™ 70¢v,. The fit to
these samples is performed simultaneously with the fit to the signal. It is worth noticing



Symmetry 2024, 16, 964

11 of 26

that both BABAR and Belle restrict the data to g2 > 4 GeV to enhance the contribution
from signal decays. The low-¢? region is used as an additional sample to control shapes
and efficiencies of the normalization components.

The ratio of branching fractions is calculated as
R(D™) = Menﬂ/ (11)

Nuorm  €sig
where Nsig and Nj,or; are the number of signal and normalization events determined by
the fit and €0 / Esig is the ratio of efficiencies which is determined from simulation. Signal
efficiency € includes the branching ratio of T — {v,v; decays which is about 17.4% for
both the electron and muon decay modes.

Most of the systematic uncertainties cancel in these measurements because the signal
and the normalization decay are reconstructed with the same particles in the final state. For
both BABAR and Belle, the largest systematic uncertainties come from the limited size of
the simulation samples and the contribution from B — D**{v, decays.

BABAR finds the following results:

R(D) = 0.440 =+ 0.053 (stat) & 0.042 (syst),
R(D*) = 0.33240.024 (stat) 4 0.018 (syst),

with a correlation of p = —0.27, and Belle finds

R(D) = 0.375+0.064 (stat) £ 0.026 (syst),
R(D*) = 0.293 £0.038 (stat) £ 0.015 (syst),
with a correlation of p = —0.49. The two results are compatible within the uncertainties.

The statistical uncertainty dominates the total uncertainties. BABAR also performs fits
without assuming isospin constraints, and the results are consistent with the expected small
degree of isospin breaking.

The Belle II collaboration recently released the first measurement of R(D*) [45] using
a data sample corresponding to 198 x 10° BB pairs collected in the 2019-2021 data-taking
period. The tag-side reconstructed algorithm used is an improved version of the Belle
hadronic B-tagging. This new algorithm is known as Full Event Interpretation (FEI) [46]. It
performs a hierarchical reconstruction of the B-meson decay chains using a multivariate
classification at each stage. The algorithm starts from final state particles (leptons, pions,
kaons, and photons) and employs reconstructions of various intermediate possible particles
(D, D*, K, J /¢ and 71° mesons) which can belong to the B meson decays. The algorithm
reconstructs about 10* unique B meson decay chains. From each unique decay chain, a BDT
is trained to classify whether or not the particles are correctly reconstructed. The final classi-
fier provides the FEI probability for the tagging B meson to be correctly reconstructed. The
Biag reconstructed with FEI is required to have a beam energy difference AE = Etyg — Epeam
close to zero and mgg > 5.27 GeV. Finally, for each event, only the candidate with the
highest FEI probability is kept. Compared with the Belle hadronic B-tagging, the FEI has a
2-3 times higher efficiency.

The signal B-meson candidate is reconstructed by combining a D* meson and a lepton.
The D* mesons are reconstructed in D’7r*, D* 7% and D°7® decay modes. The D* and
the DY are reconstructed in various decay modes to increase signal efficiency. Also in this
analysis, the signal region is defined by requiring 4> > 4.0 GeV~.

Ratio R(D*) is extracted from an extended two-dimensional likelihood fit to the
binned mfm- s; and Egcy distributions using Equation (11). The three different D* modes are
fit simultaneously assuming isospin asymmetry for charged and neutral B meson decays
setting R(D*?) = R(D**). The final result is

R(D*) = 0.26279%1 (stat) 553 (syst),
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where the systematic uncertainty is dominated by the knowledge of the shapes of the PDFs
and the limited simulated sample.

4.1.2. Semileptonic Tagging

The Belle collaboration also used the semileptonic tagging technique to study semi-
tauonic decays. The first measurement of R(D*) based on this tagging approach was
released in 2016 [47]. This was superseded by the measurement of the combined R (D)
and R(D*) [48]. This measurement uses the FEI algorithm applied to identify the By, but
reconstructed through its semileptonic B — D*) (v decays. The signal side is reconstructed
by combining D and D* mesons with lepton candidates. The analysis uses D° and D+
mesons, reconstructed in many different decay modes, to increase signal efficiency. The
D* mesons are reconstructed using both charged and neutral slow pions and photons. In
events with multiple candidates, only the combination with the highest FEI probability is
retained. The signal and the normalization channels are separated using a BDT exploiting
various event features. The most discriminating ones are the cos 0y for the signal side,
the missing mass squared, m?2,_, and the total energy of all reconstructed particles in the
event. The output of the BDT is used, together with the Egcy, to disentangle the signal,
normalization, and remaining background contributions. The final fit assumes isospin
symmetry, fixing R(D°) = R(D") and R(D**) = R(D*?). The fit projections are shown
in Figure 3 (bottom), and the results are

R(D) = 0.307+£0.037 (stat) £ 0.016 (syst),
R(D*) = 0.283+0.018 (stat) £ 0.014 (syst),
with a total correlation of p = —0.52 between the two values. Also in this analysis, the

largest source of systematic is the limited size of the simulated sample, which is used to
make the templates used in the fit and also to train the multivariate selection.
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Figure 3. (Left): the distribution of Egcy as obtained by the Belle II measurement [45] in the region of
15 <m2, <60 GeV? for the D*t — DOt candidates. (Right): distribution of Egc; with the fit
results from Belle measurement superimposed [48]. The data shown are for D** ¢ combinations. The
inset shows the same distribution in the signal enriched region defined by a tight requirement on the

output of the BDT classifier.
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4.1.3. Belle Measurement with Hadronic T Decays

The Belle experiment measured R(D*) with hadronic T — 7v and T — pv decay
modes [49,50]. The measurement provides primarily the first measurement of the 7 polar-
ization fraction Pr(D*).

The analysis strategy is similar to that of the hadronic tag described in Section 4.1.1.
The background is reduced, retaining only events with g% > 4 GeV? and with | cos 6| < 1.0,
where cos 0}, is the helicity angle of the 7T or p mesons from the 7 decay. The signal yield
is normalized to B — D*{v events, which are identified using only m? . Angle 0, is
reconstructed by taking advantage of the fully reconstructed B,y to boost the visible
T daughters into the Tv lepton pair system, whose four-momentum is given by p., =
PB,, — Pp+- Observables R(D*) and Pr(D*) are extracted fitting Egcy. in two bins of 6,
simultaneously for T — 7v and T — pv. The results are

R(D*) 0.270 + 0.035 (stat) 70 08 (syst),
P(D*) = —0.38+0.51 (stat) "398 (syst),

with a total correlation of p = 0.33. These results are in agreement with the SM expectations
shown in Tables 1 and 2.

4.1.4. Measurement of R(X;/y)

The Belle II collaboration presented the first measurement [51] of the ratio R(X; /)
of the branching fractions of inclusive B-meson decays R(X,;) = B(B — Xtv:)/B(B —
X/vy), where ¢ = e or y. The measurement is based on a sample of about 198 x 10° BB
pairs. This analysis uses the hadronic B-tagging to fully reconstruct the Bt;; and groups the
rest of the particles, which must include a lepton, with the signal side Bg;. The lepton is a
well-identified electron or muon. If the lepton comes from the 7 lepton decay in process
B — X714, the event is considered to be signal; if the lepton comes from decay B — X{vy,
it is considered normalization.

The signal and the normalization yields are extracted with a two-dimensional fit to the
lepton momentum in the Bj;, rest frame, p;, and the m2,. = (Psig — Px — P;), where Py is
the four-momentum of hadronic system X. All tracks and energy clusters in the calorimeter,
which are not associated with the By,g or the lepton, are used to reconstruct hadronic system
X. Particular care has to be taken to select good-quality tracks consistent with originating
from the interaction point. The clusters are also required to release a minimum energy in
the electromagnetic calorimeter. The mass of hadronic system My is the invariant mass of
all reconstructed particles associated with the X system.

The fit results are shown in Figure 4. The resulting value for R(X,,s), averaging the
muon and electron samples, is

R(X¢¢) = 0.228 £ 0.016 (stat) & 0.036 (syst), (12)

which is in agreement with the SM prediction from Ref. [52]. The largest systematic uncer-
tainties are due to the limited size of the simulation sample, the discrepancy between the
inclusive semileptonic branching fraction and the sum of the known exclusive semileptonic
decays, and the form factors of the various exclusive decays entering the model of the
X system.
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4.1.5. LHCb Measurements with Muonic T Decays

The first measurement of LFU in semileptonic b — c decays from the LHCb experiment
was a measurement of ratio R(D*) = B(B® — D**t~v;)/B(B" — D**u~7,), which
looked at T~ — pu~v,vr decays [41] and was superseded by the combined measurement of
R (D) and R(D*), where the D* refers to both D** and D*? [53]. This analysis reconstructs
D® — K~ 7t decays combined with muons using LHCb’s Run 1 data set. This sample is
split into two mutually exclusive datasets, referred to as the D’ ~ and D**u~ samples.
If a DY candidate combined with any track in the event forms a D** candidate, then this
is part of the D**y~ sample. This sample contains B’ — D**¢~¥, decays. The other
events are form the Dy~ sample, which contains B~ — D% 7, as well as partially
reconstructed B~ — D*%¢~v, and B® — D**¢~v, decays. In the subsequent D*0 — D0y
and D** — D%7¥ decays, the photons and neutral pions are not reconstructed. Analyzing
these two samples simultaneously helps constrain common fit parameters.

The templates to model the signal and normalization channels as well as those to
describe partially reconstructed backgrounds are based on simulated samples. Two in-
dependent fit model implementations, using different corrections for form factors and
simulation, are used to cross-check most aspects of the analysis. The form factors are
weighted using the latest parameterizations; see [53]. Also, the form factors for the back-
grounds from the excited D** states are updated with respect to the first measurement.

To constrain the background contributions, six distinct control regions are defined
with enhanced levels of background contributions. They are enhanced in B to two charm
mesons by requiring an extra charged kaon around the signal candidate; in B to D** mesons
by requiring an extra pion; and in decays to heavy D** mesons by requiring an extra pair
of pions with opposite charge. These three types of control regions are defined for both the
D**u~ and D4~ samples, creating a total of eight regions which are fit simultaneously.

The decay modes are measured using a three-dimensional template fit using >

miss’
E;, and q® variables. The fit results for both samples are shown for the highest 42 bin in
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Figure 5. After correcting for the efficiencies of reconstructing the signal and normalization
mode, they yield a value of

R(D**) = 0.281+0.018 (stat) £ 0.024 (syst),
R(D®) = 0.441+0.060 (stat) & 0.066 (syst),
with a correlation of p = —0.43, which is about 20 above the SM predictions.
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The measurement of R (D*) and R(D**) looks at D** — D* ¥ decays, where the 7z
is not reconstructed and largely follows the strategy of LHCb’s R (D(*)) measurement [54].
It analyzes part of LHCb’s Run 2 data set: the 1.9 fb ! recorded in 2015 and 2016. The main
objective of the measurement is R(D™); hence, the selection strategy is optimized for this
decay. Through feed-down from D** decays, the measurement also has access to R(D*™).

To reduce the large CPU resources needed for large MC samples, the MC only simu-
lated tracking detectors (Tracker-Only), and new methods are developed to emulate the
trigger selection. Another newly developed method is the use of the HAMMER tool [30,55]
to weight MC samples to different form factor parameterizations.

Four data sets are defined based on the response to the track-isolation algorithm: the
signal region, samples with one or two extra charged pions to constrain backgrounds with
D** decays, and a sample with an additional charged kaon to control backgrounds from
B mesons to two charm hadrons. Shape variations in these backgrounds are constrained
from the non-signal region samples, except for backgrounds of AY — D*ny~7,. These are
allowed to have a different shape in the signal region because the neutron does not show
up in the control regions with charged tracks.

The four regions are fitted simultaneously in a three-dimensional template fit in bins
of 4%, E;, and m3 ;. and the following values are found for R(D™") and R(D**):

miss
R(DT) = 0.249 £ 0.043 (stat) & 0.047 (syst),
R(D**) = 0.402 +0.081 (stat) + 0.085 (syst),
with a correlation of p = —0.39. The result is consistent with the SM. The dominating

systematic uncertainties are due to the limited sample size of the simulated data, the
template shape from double-charm backgrounds, and the uncertainties on the form factor
parameters.

4.1.6. LHCb Measurements with Hadronic T Decays

Analyses with hadronic T decays in LHCb use the three-prong T decays and exploit
the separation between the H, and the T vertex to suppress backgrounds. For hadronic T
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decays, the most abundant types of backgrounds by far are double-charm backgrounds,
H, — H.D(X), where D can be a D, D", or D° meson which decays to three charged
pions. The most dominant one is the background with D" mesons, which has been studied
in great detail in Ref. [56] and before in Ref. [57]. The three-prong t decay happens
predominantly via the a; — %7~ decay, while the D, decays mainly through the 7 and
1" resonances. These different resonance structures, together with other decay modes, are
exploited by a BDT to separate between signal and background.

Ratio R(D*) has been measured twice by LHCb using three-prong T decays, once with
the Run 1 data [57] and once with the first part of the Run 2 data set [56], recorded in 2015
and 2016. The analyses use the normalization channel B® — D** 71~ 7" 77~ to determine
ratio BB D+ )

% — T Vr
k(D7) = B(BY — D*tm—mtm—)’ 13)
from which ratio R(D*) can be determined with external input.

For the signal channel, a fit is performed with three variables: the decay time of the
three pions (t1), 4%, and the output of the BDT used to suppress backgrounds coming from
doubly charmed H, — D*~ D; X decays. Projections of the fits for each of these variables
are shown in Figure 6. The analyses yield the following values for the Run 1 and Run 2
data sets:

K(D*)run1 = 1.93£0.12(stat) +0.17 (syst),
K(D*)gan2 = 1.79+0.11 (stat) 0.1 (syst) .
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Figure 6. Fit projections of the three-dimensional fit of the (top left) 42, (top right) BDT output and
(bottom left) 37t decay time distributions from LHCb’s hadronic R (D*) measurement [56].

Using the latest PDG averages of the branching fractions of the control and normaliza-
tion channels, the value of R(D*) can be calculated as

R(D")guny = 0.29140.019 (stat) = 0.026 (syst) = 0.013 (ext),
R(D*)run2 0.260 £ 0.015 (stat) £ 0.016 (syst) & 0.012 (ext) .
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The systematic uncertainties were largely reduced in Run 2 measurement. The largest
systematic uncertainty is still the limited size of the simulated data samples, but no longer
by far. This is followed by the uncertainties on the signal template shape and the knowledge
of the double charm background parameters. When combined, these results yield the
following value:

R(D*) = 0.267 +0.012 (stat) 4 0.015 (syst) & 0.013 (ext) .

This combination, as well as the individual results, is compatible with the SM predic-
tion and is one of the most precise measurements of R(D*) to date.

4.2. Measurements of R(J/) and R(A})

Measurements of ratios of other semileptonic b — ¢ decays can provide constraints to
new physics scenarios complementary to those derived from R (D) measurements. This
section discusses the results from measurements with B, — J/¢lv, and A, — ALy,
decays. Since A, and B; hadrons are not created at the B factories, these measurements are
performed only at the LHC.

42.1. R(A}) at LHCb

The half-integer spin of the A} initial state [31,58] offers complementary constraints
to the existing measurements of R (D). In the SM, the value of R(A ) is predicted to be
R(A}) = 0.324 £ 0.004 [31,32]. This analysis [59] uses LHCb’s Run 1 dataset and studies
the three-prong 7~ decay. The normalization channel used is the A) — Af37 decay such
that many systematic uncertainties in the reconstruction of the signal and normalization
channel cancel in the ratio.

Similar to the hadronic R(D*) analysis, the separation between the A, baryon and
three-prong vertex in the signal is exploited by requiring the difference in the positions
of these vertices along the direction of the beam to be at least five times larger than
its uncertainty. Double-charm backgrounds, in particular those with a Ds meson, are
suppressed by the same BDT as in Ref. [57]. The signal yield is extracted in a three-
dimensional binned maximum-likelihood fit, in bins of the double-charm BDT output, the
7 lifetime, ¢, and 2. Results of the fits in the 4> variable for the low- and high-BDT region
are shown in Figure 7. The significance of the signal in the fit is found to be 6.1c.
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Figure 7. Distributions of qz for Ay — Ac7vr candidates having a BDT output value (left) below
and (right) above 0.66 for LHCb’s R (AJ ) measurement [59]. Projections of the three-dimensional fit
results are overlaid. The various fit components are described in the legend.

The value found for ratio K(A.) = B(Ap, — Actve)/B(Ay — A3m) is

K(AT) = 2.46 4 0.27 (stat) £ 0.40 (syst), (14)
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where the systematic uncertainty is driven by the uncertainty on the template shapes
and the double charm backgrounds. The branching fraction of the A, — A.Tv; decay is
measured to be

B(Ay — Acte) = (150 +0.16 (stat) & 0.25 (syst) & 0.23 (ext) )%, (15)

where the latter uncertainty is due to external branching fraction measurements coming
from the PDG averages of previous measurements [60]. Finally, ratio R(A{") is found to be

R(AF) = 0.242 +0.026 (stat) = 0.040 (syst) & 0.059 (ext), (16)

which is in agreement with the SM within 1. The largest uncertainty comes from the
uncertainty on the Ag — A 37 branching fraction.

422. R(J/) at LHCb

The last measurement from LHCb presented here studies the ratio in the B, — J/y fv,
decay, with muonic T decays [61]:

_ B(Bc — ]/¢7V7>

RUM) = BB, = Jpm)

(17)

This measurement uses the lifetime of the B, meson as a fit variable. Since this is nearly
three times shorter than the lifetime of other b hadrons, this helps to reduce backgrounds
from the other b hadrons. In addition, it uses the m? . variable and 4% and E}, combined
into variable Z. The eight bins of Z show two times four bins of E;;; the first four correspond

to events with g2 < 7.15 GeV? and the next four to values of 4% > 7.15 GeV?2.

The form factors of the B, — /i fv, decay, for which there were no precise predictions
at the time of the measurement, are also included in the fit. The fit is shown in Figure 8,
and the analysis yields a value of

R(J/Y) = 0.71 £ 0.17 (stat) £ 0.18 (syst) .

One of the largest systematic uncertainties in this measurement is the size of the
simulated samples. However, unlike in other analyses, the largest systematic uncertainty
comes from the lack of knowledge on the form factors. These have since been updated
using lattice calculations [34], such that a future measurement can have reduced systematic
uncertainty. These updated form factors also include a new prediction for the value
of R(J/¢) = 0.2582(38), which makes the LHCb measurement 1.8¢ higher than the SM
prediction.
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Figure 8. Fit projections of the T decay time (left) and Z(4?, E}}) (right) variables in the measurement
of R(J/) from LHCb [61].
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423. R(J/p) at CMS

The first CMS measurement of LFU tests in semileptonic b — ¢ decays is a measure-
ment of R(J/y) [40]. Tt uses CMS’s 2018 dataset of 59.7 fb~! and looks at muonic T decays.
To reconstruct the four-momentum of the B meson, this analysis uses the assumption that
the momentum of the visible decay products of the B; is the same as the momentum of the
B/ itself, while the mass is the nominal B}" mass.

The fit variables used in this measurement are qz, combined with IP/oyp and Lyy/ OLyys
where [P is the impact parameter between the third muon and the J/¢ vertex and Lyy is
the distance between the beam spot and the /¢ vertex in the plane transverse to the beam
axis. The latter two variables exploit the short B; lifetime to reduce backgrounds from
other B decays. Both of them are divided by their respective uncertainty.

The measurements yield a value of

R(/p) = 0177018 (stat) T33) (syst) T s (ext), (18)

which has comparable uncertainties to LHCb’s Run 1 measurements and shows good
prospects for future analyses with CMS’s full dataset. The observed value is in agreement
with the SM prediction and with the LHCb measurement.

4.3. Polarization Measurements
4.3.1. D* Polarization at Belle

As explained in Section 2, measurements of observables beyond the R (H,) ratios form
a crucial cross-check of the tension with the SM and could provide additional constraints
on many new physics scenarios. The Belle experiment shows the first measurement of
the fraction of longitudinal polarization of the D* meson, FP", in semitauonic decays in
Ref. [62]. The measurement is based on the inclusive tagging approach. In this approach, the
analysis starts from the reconstruction of the signal candidates: a D” meson is reconstructed
in various decay modes and combined with a charged soft pion to make a D*~, which is
then combined with a lepton or a single pion to reconstruct the signal candidate B — D*tv;
with T — fvv or T — 7v. The remaining unassigned charged and neutral particles are all
assigned to the tagging side. The invariant mass of the tag side is required to be consistent
with the B meson mass. This approach has a higher reconstructed efficiency than the
hadronic or semileptonic tagging, but it offers a poor resolution on the kinematics of the
signal side. The D* helicity angle, 6y, is defined as the angle between the reconstructed D°
meson and the direction opposite to the B’ meson in the D* rest frame. The analysis focuses
on region 6;,; < 0 because the efficiency to reconstruct the soft pion from the D* meson for
One1 > 0is low. The signal is extracted in three bins of 6y,;. The fit to the distribution of the
helicity angle using Equation (7) offers

FP" = 0.60 - 0.08 (stat) & 0.04 (syst), (19)

which has a total uncertainty dominated by the limited size of the data sample. The largest
uncertainty is related to the uncertainty on the model of the B — D**tv decays. This
results in about a 20 tension with the SM predictions reported in Table 2.

4.3.2. D* Polarization at LHCb

LHCb’s measurement of the D* polarization [63] in semitauonic decays follows the
selection strategy of the hadronic R(D*) measurements [56,57] and also looks at three-
prong T decays. It uses the combined dataset of analyses, Run 1 and the 2015-2016
data-taking years of Run 2, and applies very similar selection requirements. The main
background from B — D*37 decays is suppressed by exploiting the displaced decay vertex.
The double-charm backgrounds are reduced by the same BDT as described in Ref. [56].

The measurement is performed in two bins of g2, g2 < 7GeV? and g% > 7 GeV?, which
have a similar amount of signal events. The number of 42 bins can be extended with higher
available statistics in the near future. The yields of unpolarized and polarized events are
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found through a four-dimensional template fit in bins of ¢, qz, cos 0,1, and the anti-D
BDT. The fits are performed simultaneously to the Run 1 and Run 2 data sets, and the
results of the yields are used to find the following values for the fraction of longitudinal
polarization of the D* meson:

FP" = 0.51+0.07 (stat) & 0.03 (syst), for 4> < 7GeV 2, (20)
FP" = 0.35=0.08 (stat) & 0.02 (syst), for 4> > 7GeV 2, (21)
FP" = 0.43+0.06 (stat) & 0.03 (syst), for the full 4> range. (22)

The value obtained for the full g% range is compatible with the SM predictions reported
in Table 2. Also, the results in the two bins are consistent with the SM. The main systematic
uncertainties are due to the limited size of the simulated samples, form factor parameters,
and the D] decay model.

5. Discussion and Interpretations

A summary of the R(D)-R(D*) measurements described before and the latest aver-
age provided by HFLAYV are reported in Table 3 and shown in Figure 9. The average by
HFLAV considers the systematic uncertainties due to B — D and B — D* form factors
and the contribution from the background due to feed down from B — D**{v decays to
be fully correlated. This is generally considered a conservative assumption. The p-value
of the average is 35%. The experimental average deviates from the HFLAV SM average
reported in Table 1 by about 3.3¢, while its deviation from the prediction based on LQCD
alone decreases to about 2.5¢.
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Figure 9. Measurements of R (D) and R(D*) listed in Table 3 and their two-dimensional average.
Contours correspond to 68% CL for both the bands and the ellipses. The black and blue points with
error bars are two recent SM predictions for R(D*) and R(D). The SM prediction reported is based
on the results summarized in Table 1. This prediction and the experimental average deviate from
each other by about 3.3¢. The SM prediction based only on LQCD calculations is also reported,
where R(D) is taken from FLAG [25], while R(D*) is taken from Ref. [28]. The deviation from the
experimental average and this prediction is about 2.5¢. The measurements are listed in Table 3.

It is worth noting that a meta-analysis presented in Ref. [2] shows that the D** con-
tributions in the background involve some significant correlations with R(D)-R(D*)
measurements. This leads to a larger deviation from the SM prediction. We do not fur-
ther discuss this observation. Future precise measurements of B — D**/v, decays, both
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concerning the decay rate and the form factors, are pivotal for a reliable estimation of this
correlated source of backgrounds.

The observed enhancements of the R (D(*)) ratios relative to the expectations of the
SM are persistent, but their significance is not enough to establish a violation of LFU.
Moreover, the most recent measurements of these ratios are in reasonable agreement with
the SM predictions.

Table 3. Summary of the measurements of R(D*) and R (D), their correlations, and the combined
average as obtained by HFLAV [22].

Experiment R(D*) R(D) o

BaBar [42,43] 0.332 £ 0.024gta¢ = 0.018yst 0440 £ 0.058ga¢ £ 0.0424yst —0.27

Belle” [44] 0.293 £ 0.038stat = 0.0155yst  0.375 £ 0.064gtat + 0.0265yst —0.49

Belle? [49] 0270 2 0.035stat 0325, ¢

Belle® [48] 0.283 £ 0.018tat = 0.014gyst  0.307 £ 0.037stat £ 0.0165yst —0.51

LHCb" [53] 0.281 £ 0.018¢a¢ = 0.0245ys¢  0.441 £ 0.060stat += 0.0665yst —0.43

LHCb? [56,57,64]  0.267 == 0.012tat = 0.019yst

LHCb® [54] 0.402 £ 0.081tat = 0.085syst  0.249 &= 0.043¢a¢ £ 0.0475yst —0.39
0.041 —+0.035

Belle IT [45] 026210535 1 L0032yt

Average 0.287 £+ 0.012 0.342 £ 0.026 ~0.39

However, over the last decade, these tensions earned significant attention and led to
investigations into new physics models. One proposal involves a new vector boson called
W' [65,66], which is similar to the SM W boson but has a coupling that varies between
generations of leptons and quarks. This particular model has been ruled out by direct
searches at hadron colliders and indirectly by precise measurements of u and 7 decays.

Another potential candidate is the charged Higgs, H*, as predicted in various exten-
sions of the SM, like the two Higgs Doublet model, 2HDM. This model has been widely
discussed in the past, e.g., in Ref. [67,68]. The process with the H* boson, shown in
Figure 10 (left), interferes with the SM process, producing an enhancement or a depletion
of the ratio R(D) while keeping the ratio R(D*) almost unchanged. This model, in its
simplest form, has been ruled out because the deviations compared to SM predictions are of
the same order for both R(D) and R(D*). Additionally, the 4> spectra observed by BABAR
are also inconsistent with the best fit results obtained from the ratios [42]. However, more
general models with charged Higgs bosons can still explain the observed tensions [69].

Figure 10. Diagrams of the B; — D,g*)

spin-0 charged Higgs boson (H™) or (right) coupling to a leptoquark (LQ).

*e ~vy decay for a process mediated (left) by a hypothetical

There is a possibility that the deviation could be attributed to leptoquarks (LQs). There
has been extensive discussion on this topic in the literature; a recent review can be found in
Ref. [70]. A lowest-order diagram describing B meson decays mediated by a LQ is shown
in Figure 10 (right). However, explaining the deviation with LQs requires making some ad
hoc assumptions to avoid constraints from direct searches, some of which have been carried
out at the LHC [71,72] and other indirect constrains. Recently, it was shown in Ref. [70] that
some LQ models predict strong correlations between b — ctvr and Y (nS) — t7 decays.
The measurement of ratio B(Y(3S) — 1~ )/B(Y(3S) — ¢*¢~) obtained by BABAR [73]
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is consistent with the SM prediction, allowing to put stringent limits on the couplings of
these LQ models.

The interpretation of the measured values of the ratios in terms of the new physics
model has some limitations. The measurements of the R (H,) ratios are carried out based
on the SM for the signal templates. For this reason, it is not always straightforward to use
the published results assuming the SM to put constraints on specific new physics models.
This was demonstrated in Ref. [42] by BABAR and in Ref. [49] by Belle, where it was shown
that the shape of signal templates, as a function of, e.g., m2 . or p,, needed to extract the
signal yield, as well as efficiency ratio €;orm / €sig in Equation (11), which are significantly
influenced by the parameters of the model under consideration. Therefore, determining
the compatibility of the data with specific new physics models requires refitting of the data
with signal templates consistent with the model considered.

Because of this embedded model dependence in the study of semitauonic decays, it is
currently unclear how experiments could provide enough information to ensure a reliable
reinterpretation of the analysis results. A robust approach would be for experiments
to perform analyses that fit a large portion of the possible new physics couplings in a
multidimensional space. To achieve this, many simulation samples are required for each
point in the space of new physics couplings. This can be accomplished by reweighing
existing MC samples instead of generating multiple simulations. This approach led a group
of theorists and experimentalists to develop HAMMER [30], a software tool which enables
the reweighting of the MC samples for a wide range of decay modes and new physics
couplings.

Additionally, it cannot be ruled out that the theoretical predictions may not be as
reliable as currently assumed. We already showed in Section 2 that there are some tensions
in the most recent predictions for R(D*) based on LQCD and the most recent data. These
tensions require additional studies from both the theory and experimental side.

It was noted in Ref. [74] that QED corrections depend non-trivially on the lepton mass
and do not cancel in the R (H,) ratios. These contributions are well approximated in the
experimental simulation by PHOTOS [75], but some are neglected. The Coulomb-term
correction, as shown in Ref. [76], may eventually become important. This term causes
isospin breaking due to its different contributions in R(D?) and R(D™). Generally, the
QED contributions are anticipated to be minor, but they might become significant when
measurements are performed with greater precision.

6. Summary and Outlook

The existing experimental results on semitauonic decays are limited by the size of
the available data samples, the uncertainties in the reconstruction efficiencies, and the
background estimates. The various experiments are continuing their analysis efforts to
improve their methods and obtain more accurate and reliable results. Belle and BABAR
analyzed their full dataset. While Belle provided many measurements with different
analysis approaches using their full dataset, BABAR published a single measurement,
which is the one that deviates most from the SM. It would be interesting to reanalyze the
BABAR data using different B-tagging algorithms and to take advantage of the enhanced
understanding of certain backgrounds and the signal model.

Many analyses are ongoing by the Belle Il and LHCb experiments. The status in the
middle of 2024 is that Belle II is currently collecting data at the nominal luminosity, while
LHCb is in the commissioning phase after it underwent a major upgrade in the recent
years. In the next years, both experiments will collect enough data to reduce the statistical
uncertainty on most of their measurements to the level of a few percent. It is expected that
most of the systematic uncertainties on the R (H,) ratios can be reduced with the increase
in the data sample because most of these are related to the size of the control samples
extracted from the data.

We do not provide projections on expected uncertainties with the future data. These
extrapolations, while interesting and useful for long-term plans, are based on many as-
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sumptions that are usually broken by the development of improved analysis techniques. A
study of expected uncertainties as a function of the luminosity for various measurements
of R(H,) ratios, for both LHCb and Belle II, was reported in Ref. [30]. The researchers
are working hard to improve the measurements of semitauonic decays by refining their
methods, enhancing signal samples, improving efficiencies, and examining all aspects of
the signal extraction. In the following, we illustrate the future directions of these important
measurements in general terms.

Belle II has already collected a larger data sample than the one used in Ref. [45], and
it is currently taking data. We expect many new measurements of B’ and B* decays to
be derived from these data. The upcoming larger sample will allow for more precise
measurements based on detailed studies of their kinematics. Studies of the full angular
and q2 distributions, as well as the tau polarization, will offer much additional information.
Belle II will also probe semitauonic b — u decays. At present, only an upper limit for
B — T, exists [77], but with more data, this and other similar channels should be accessible
at Belle II.

Most of the measurements performed by LHCb are based only on part of the available
dataset. At present, LHCb is collecting data with a higher instantaneous luminosity com-
pared to Run 1 and Run 2. The enhanced trigger selection and data rate capability allow
a larger efficiency for most of the b-hadron decay modes of interest. LHCb has already
shown its capability to perform studies of angular distributions in B — D(*)fv decays, with
the measurement of the D* longitudinal polarization fraction. Other angular distributions
can be studied with hadronic T decays, which offer a better resolution compared to muonic
T decays.

Given the high production rate of Bs and B, mesons and various b-baryons, LHCb is
planning an extensive program to measure their semileptonic branching fractions, form
factors, and to search for deviations from SM expectations. Even if the tension in R (D)
and R(D*) reduce in the future, the studies of LFU with additional kinds of b-hadrons
will help to constrain many kinds of new physics. For instance, Bs — Ds(*)TvT decays,
which probe the same interaction as B — D*)fv, decays, are affected by different sources
of background due to the huge differences between the D** and D;* spectroscopy. CMS
has also shown that, for some channels like B, — J/ytv; with three leptons in the final
state, it can provide interesting and complementary measurements. The parked data still
need to be fully exploited by CMS.

In the near future, it will be important to extend the LFU searches to measurements of
other observables, like asymmetries in the angular distributions, and the precise measure-
ments of the spectrum of the final-state kinematics. At present, only the polarization of the
D* and the T lepton have been determined. The D* longitudinal polarization is the easiest
to determine at both Belle I and LHCb. The 7 polarization has been determined by Belle
using T decays into a single pion, which is the ideal process to access the T polarization. At
LHCDb, this measurement could be carried out using a sample with T — 37tv decays, but
the sensitivity will be much reduced and very large samples would be required to reach a
significant sensitivity.

Future improvements can be achieved only if some critical ancillary measurements
are performed by both Belle II and LHCb. Here is a list of some of these measurements:

1.  Detailed studies of B — D**{v, decays, which will provide the first measurements
of R(D**), will result in a significant reduction in uncertainties in estimating this
background for measurements of B — D*)fv, decays.

2. The current understanding of double-charmed decays of b hadrons of the type

H, — H.H. X is also quite limited. Although both the B factories and LHCb have
appropriate control decay modes to constrain this background from data, additional
measurements are required to decrease the uncertainties caused by the decay models
for these types of backgrounds. This is particularly important for LHCb, which cannot
provide a clean tagging of b hadrons.
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3. Both LHCb and Belle II will be essential to improve the knowledge of the form
factors for various semileptonic b-hadron decays. The relevance of precise studies of
semileptonic decays of ¢ hadrons should not be underestimated either. BESIII will be
the major experiment to provide form factors and branching fraction measurements
for most of the ¢ hadrons.

In conclusion, we anticipate that in the future we will have numerous interesting
measurements of semitauonic decays of b hadrons from Belle 1II, LHCb, and possibly
CMS. This will determine whether the observed anomalies are genuine or if they are the
result of systematic underestimation or unfortunate statistical fluctuation. Confirmation
of deviations from Standard Model predictions would strongly suggest the presence of
contributions from new physics.
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