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Semileptonic B decays provide valuable informations on some fundamental parameters of the
standard model of the electroweak interactions, as the CKM parameters | Vcb | and | Vub | . I
present here a comprehensive review, with a focus on still unsolved issues

The International Conference on B-Physics at Frontier Machines - BEAUTY2018
6-11 May, 2018
La Biodola, Elba Island, Italy

∗Speaker.
†A footnote may follow.

c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:franco.simonetto@pd.infn.it


P
o
S
(
B
E
A
U
T
Y
2
0
1
8
)
0
3
6

Semileptonic B decays Franco Simonetto

1. Introduction

The couplings of the b quark to the lighter partners u and c are expressed by the elements
|Vub | and |Vcb | of the Cabibbo Kobayashi Maskawa matrix, the long lifetime of B hadrons being
a direct consequence of their small size. They are both cornerstones of flavor Physics: |Vcb | sets
the scale for a unitarity triangle of the CKM and the ratio | Vub | / | Vcb | measures the length of
the side opposite to the angle φ1 in that triangle; CP violation in the evolution and decay of neutral
Kaons also depends on |Vcb | . For all these reasons, a precise determination of these parameters is
demanded in the exploration of CP violation in the hadron sector.

The best measurements of both parameters are obtained from B hadrons semileptonic decays
b→ `−ν̄`X , where ` stands for either electron (e) or muon (µ). The large branching fractions
and the clear experimental signature allow the collection of large data sets with relatively small,
well controlled background. The lepton and the hadron currents factorize; the hadron current is
decomposed in terms of perturbative QCD contributions and non perturbative terms which are
computed with tecniques inspired by Heavy Quark Symmetry [1],[2], an approximation of QCD in
the limit of very large hadron masses.

Several different measurements are in fact performed. In some cases, all the observable par-
ticles produced in the final state are reconstructed, the unobserved neutrino properties are then
inferred using constraints form energy-momentum conservation: these are referred to as “Exclu-
sive SemiLeptonic decays” (ESL). In a more inclusive approach (“Inclusive SemiLeptonic”,ISL)
only some of the decay products are used to tag and characterize the events, the charged lepton and
possibly some of the final state hadrons. Different computation schemes are required for ESL and
ISL.

The large amount of events collected at the B-factories (about 470 million e+e−→ BB̄ colli-
sions were collected by BABAR at PEPII and about 770 million by Belle at KEK) allows for “tagged
analysis”, where the semileptonic decay is searched for in events where the other B meson is en-
tirely reconstructed in a hadronic final state (more than one thousand different decay modes are
exploited): this improves the signal to noise ratio and the constraints on the neutrino momentum,
at the price of a considerable reduction of the event rate (tagging efficiency ranges between three
and five per mill).

By combining many different results, impressive precision is achieved for |Vcb | , O(1 %), and
|Vub | (better than 10 %). Nevertheless the results from ESL determinations are at odds with those
from ISL for both parameters.

The tagged techniques developed for | Vcb | measurements allow for the much more difficult
measurement of the ESL B→ τ−ν̄τD(∗). The combined results from BABAR and Belle miss the
standard model expectation by about four standard deviations, opening a possible breach for new
Physics effects in the heavy fermions sector.

2. |Vcb | in ISL decays

The partial decay width for the inclusive semileptonic decay b→ c`ν̄` decay can be expressed
as the product of | Vcb | with a “spectator” term and other factors which include electroweak
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Table 1: results of the fits to lepton and hadron moments from ISL in two different OPE expansions
scheme B(b→ c`ν̄`) |Vcb | ×103 mb (GeV) µ2

π '−λ1 (GeV)
kinetic 10.65±0.16 42.19±0.73 4.554±0.018 0.464±0.076
1S 10.65±0.16 41.98±0.45 4.691±0.037 0.362±0.076

(O (1%)) and QCD corrections (see [3]):

Γb→`−ν̄`c =|Vcb |2 ×
G2

Fm5
b(µ)

192π3 × (1+Aewk)×AQCD(
αs(µ)

π
,

M j

mb(µ)
,r =

mc

mb
(µ)). (2.1)

These last are expressed as the combination of perturbative terms, computed up to second order
in αs

π
, and an Operator Product Expansion of the non perturbative part, a power series of M j

mb
,

where M j are the expectation values of several low energy operators, such as the b quark kinetic
energy or its chromo-magnetic moment: only powers equal to or smaller than m−2

b compare in the
expansion, easing convergence. Different expansion schemes have been proposed, for a detailed
review see for instance [4]. Measurements of the spectra of the decay products help constrain the
non-perturbative parameters, allowing a precise measurement of | Vcb | : to dilute the nuisance
induced by intermediate hadronic resonances, moments of the distributions of the electron energy
spectrum (up to the forth power) and of the hadronic mass spectrum (up to the third power) are in
fact used.

From a combined analysis of all the published ISL results, including contributions from B-
factories, CDF, CLEO, and DELPHI[5], the Heavy Flavor Averaging Group [6] quotes the results
shown table 1 in in the so called “kinetic scheme”[7]; for sake of comparison the results obtained
in the so called (1S) scheme [8], are also reported.

3. |Vcb | from ESL

The decays B→ `−ν̄`D(∗) are selected for both neutral and charged B mesons, where the D∗

is then reconstructed in the Dπ decay mode. The D0 is reconstructed into at most four possible
final states (K−π+(π0),Ksπ

+π−,K−π+π+π−), the D+ into K−π+π+ and Ksπ
+. The decay rate

is expressed as the product of several terms [4]:

dΓ

dw
=|Vcb |2 ×

G2
Fm5

B
48π3 × (1−w)ζ ×ηew×P(w)×F (w), (3.1)

where w = E ′D(∗)/mD(∗) is the Lorentz boost of the D(∗) meson in the B rest frame, ζ = 1.5 for
D and ζ = 0.5 for D∗, P(w) is the phase space term, ηew = 1.007± 0.005 [10] the contribution
from electroweak corrections, and F (w) is a shorthand for the form factors, one per each different
possible helicity mode of the decay (one for the pseudoscalar D final state and four for the D∗).
In the case of infinite masses of the B and D mesons, all form factors would reduce to the Isgur
Wise function[2], with the normalization F (1)=1. In facts, each form factor is parameterized as
a power series of (w -1). Higher order coefficients are expressed as a function of the first order
term (the slope ρ) using bounds inspired by analicity and by Heavy Quark Effective Theory [9].
The normalization factors F (1) = 1.054± 0.004± 0.008 [12] and F ∗(1) = 0.906± 0.013 [13]
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are computed using lattice QCD for D and D∗ final states 1. Experiments fit the differential decay
rates, extracting the normalization F (∗)(1)× |Vcb | and the slope.

Figure 1: Left: squared missing mass in two w bins from the tagged BABAR measurement of B→ D`ν̄`.
Green : signal, red, background from D∗, yellow, background from higher D states. Right top: background
subtracted event rate. Right bottom: the form factor, fitted with HQET inspired function.

BABAR [14] and Belle [15] have selected samples of 50 and 120 thousands of untagged decays
to vector final states. The fit is extended to four dimensions, including the angles between the decay
planes into which the event can be decomposed, in order to determine the coefficients related to
all four helicity amplitudes. Both BABAR and Belle fit the four projected distributions and then
account for correlations with parameterized (“toy”) simulations. More recently, Belle has published
a tagged analysis [16] consisting of about 2000 events. The kinematic constraints coming from the
fully reconstructed B allow a more precise definition of w and of the angles, partially compensating
for the small data size. Unfolded spectra are provided, including correlations. All these analysis
provide consistent results.

Although theoretically simpler, decays to scalar D meson are a tough experimental issue: by
one side they receive a very large feed down background from D∗ events where the soft pion
(or the photon) is missed; by the other the extrapolation to w =1 is more difficult due to helicity
suppression. For these reasons the most precise results are obtained by tagged analysis, where the
D∗ feed down can be significantly reduced using kinematic constraints to determine the missing
mass in the event which, for signal events, corresponds to that of the neutrino. Fig.1 shows the
results from the BABAR measurement.

Table 2 summarizes the results on | Vcb | (and other significant parameters) obtained from
exclusive semileptonic decays. The consistency among the experimental results is good both for
vector and for pseudoscalar decays: after correcting for the end-point normalization factors, also
the values of |Vcb | are consistent, as shown in Tab.2.

It should however be noted that these values are barely compatible with the inclusive result,
reported in table 1.

1Symbols are chosen for clarity and do not correspond to the usual bibliographic conventions
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Table 2: HFLAV averages for the | Vcb | measurements from ESL decays. As for | Vcb | the first error is
experimental, the second theoretical. For the other parameters the total error is reported.

Mode |Vcb | ×103 ρ2 R1(1) R2(1) χ2/ndo f
D 39.18±0.94±0.36 1.128±0.033 - - 4.7/8
D∗ 38.71±0.47±0.59 1.205±0.026 1.404±0.032 0.854±0.020 30.2/23

Triggered by this longstanding inconsistency, the authors in [17] have fitted Belle D∗ unfolded
data relaxing the constraints from HQET which bound the higher order parameters to the slope
ρ . Their result, | Vcb |= (41.7±2.)×10−3 is sizably larger and now consistent with the inclusive
determination. It has been observed, however, that the values of the higher order parameters are
unexpected, suggesting “possibly large deviations from Heavy Quark Symmetry” [18].

4. |Vub | from ISL decays

The main issue when dealing with b→ u transitions is the large feed down background from
b→ c decays, with a typical signal to noise ratio of about 2%. To cope with that, profiting of the
much smaller mass of the u quark wrt the c, measurements are performed in regions of the phase
space out of reach for b→ c decays. This approach has however several drawbacks: due to reso-
lution effects charm background nevertheless leaks in the signal region, the statistical significance
of the signal is heavily reduced, and, what is worse, QCD inspired models are needed to compute
the large fraction of signal rejected by the selection, so introducing a sizable model dependence.
Traditional untagged analysis rely on selecting electrons with momentum larger than that allowed
for b→ `−ν̄`c decays (about 2.3 GeV) reducing to less than 10% the observed phase space. Further
information can be gathered in tagged analysis, reconstructing the visible hadronic mass, and (or)
the square of the momentum transferred to the two leptons q2 = (p`+ pν)

2 = (pB− pXu)
2 (cor-

responding to the square of the mass of the virtual W boson). In such a way, looser cuts can be
applied so reducing somewhat the uncertainty introduced by the extrapolation. To increase the
confidence in the results, measurements are performed selecting different phase space regions and
using several different models inspired by HQET, with parameters tuned from the inclusive | Vcb |
fits. Consistent results are obtained from a dozen of different measurements. The world average
value is computed from the HFLAV [6] using the GGOU model [19] :

|Vub |= (4.52±0.27+0.11
−0.14)×10−3, (4.1)

where the first error is experimental and the second theoretical. Most of the other models considered
are consistent within few parts per cent [20].

5. |Vub | from ESL decays

Even if several decay modes have been considered in the past, the most precise measurements
come from the process B→ `ν̄`π . The decay width is measured as a function of q2. The unique
form factor is expressed by a power series expansion with four free parameters, including | Vub |
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[21]. Bounds from Lattice QCD at large q2 and from Light Cone Sum Rules [23] are imposed
to ease the fit convergence. Measurements exploit neutrino reconstruction: in untagged analysis
a coarse resolution is obtained by using the missing energy and missing momentum, ad assuming
the B meson at rest; much better resolution is obtained in tagged analysis thanks to the sharp kine-
matic constraints. All in all the two approaches provide comparable precision, statistic abundance
compensating for larger background and worse resolution. The result:

|Vub |= (3.65±0.09exp±0.11th)×10−3. (5.1)

is more precise than the one obtained from ISL decays. As for | Vcb | the two measurements
are barely compatible.

Figure 2: Left: squared missing mass in the tagged Belle measurement of B→ π`ν̄` for B+ (top), and B0

(bottom). Right: fit to the form factor performed by the HFLAV on Belle + BABAR data

6. Measurement of B(B→ τ−ν̄τD(∗))

As compared to the light lepton case, this process is an experimental nightmare: the τ decays
to several different final states, all implying the production of a neutrino, which prevents the full
reconstruction of the heavy lepton. Two or even three neutrinos are produced in the process, loos-
ening the bounds from kinematic constraints even in tagged events. Finally, due to the larger τ

mass, ad-hoc form factors must be used to describe the decays.
Not surprisingly, the first measurements of this decay were performed only at B-factories[24],[25].

Measurements exploit tagged event, focusing only on the leptonic decays τ → `ν̄`ντ . The main
source of background, B→ `−ν̄`D(∗)X decays, is separated from the signal on topological basis;
signal events are characterized by larger values of the squared missing mass (M2

miss) , smaller lepton
momentum (p`), smaller residual energy after subtracting the contributions from the fully recon-
structed B and the particles assigned to the D(∗)τ candidate. BABAR performs a 2D fit in the M2

miss,
p` plane. Belle normalizes the background in the signal depleted region defined by M2

miss < 0.8 and
then fits the signal contribution using a multivariate tag combining the most discriminant variables
in the complementary M2

miss region. Both experiments fit simultaneously D and D∗ final states in
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order to properly deal with the feed down from the second to the first (see Fig.3. In addition, Belle
has also performed two other analysis of the D∗, one looking at hadronic τ final state and the other
exploiting a semileptonic tag[26]. To reduce experimental and theoretical uncertainties, experi-
ments measure the ratios of branching fractions R(D(∗)) = B(B→τ−ν̄τ D(∗))

B(B→`−ν̄`D(∗))
, separately for D and D∗

final states. In addition to the above, Belle has performed two other measurements of R(D∗) only,
one using hadronic τ decays, the other exploiting fully reconstructed semileptonic B decays on the
tag side.

Figure 3: Left: projections along M2
miss (first column) and p` (second column) from the BABAR analysis.

Right: M2
miss and BDT output for events with M2

miss > 0.8 from the Belle analysis

Results are reported in Fig.4 which compares the individual measurements (including LHCb
contributions), the HFLAV average and the prediction of the standard model: the discrepancy
between the measurements and the expectation amounts to about four standard deviations.

7. Conclusions

The study of semileptonic B decays allows a detailed understanding of b → c and b → u
transitions. The large amount of data collected at the B-factories, the high quality of the detectors
and the use of sophisticated analysis tools push the experimental precision to the percent level;
steady progresses in computation techniques (Heavy Quark Symmetry, OPE and Lattice QCD), and
the interplay between theory and experiment, allowed comparable precision in the interpretation of
the resuts, so that nominal uncertainties of O(1%) and O(5%) are achieved for | Vcb | and | Vub |
. That notwithstanding (or maybe, as a consequence) several long-standing problems have not yet
been solved, like the inconsistencies between the inclusive and exclusive determinations of both
| Vub | or | Vcb | . Attemps to solve at least in part this puzzle [17], clash with the expectations
of HQS [18]. On the experimental side several improvements are still possible. As for | Vub | ,
more effort should be put in understanding the b→ c background leaking in the inclusive b→ u
samples; measurements should be performed with a consistent use of the models for the signal and
the background. As for | Vcb | fits to the large data sets of B→ `−ν̄`D(∗) collected by B-factories
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Figure 4: Contour plots in the R(D) R(D∗) plane. The red area shows the 1 σ contour from the HFLAV av-
erage (and, dashes, the 2 and 4 σ ) and the standard model prediction (gray ellipse). Individual contributions
are also displayed.

should be repeated relaxing the constraints on the high order coefficients in order to test HQET.
The background from higher mass charm states (orbital and radial excitations) should be better
controlled with dedicated analysis (this might also clarify the old issue that the sum of the branching
fraction of the observed charm final states does not add to the inclusive branching fraction); as
higher charm excitations also constitute a sizable background for the B→ τ−ν̄τD(∗) analysis, this
might also increase confidence in the B→ τ−ν̄τD(∗) anomaly, or else reduce its significance.
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