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Introduction

semitauonic B - decays are sensitive to new physics (NP)
contributions

branching ratios
kinematic distributions
polarization of the τ

Possible candidates for NP contributions:
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Introduction

R(D(∗)) = B(B→D(∗)τν)
B(B→D(∗)`ν)

many systematic
uncertainties cancel in
ratio

independent of |Vcb|
theory very precise due to
cancellation of hadronic
matrix elements
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B-Factories (past): Belle

KEKB in Tsukuba (Japan)

8GeV electrons on 3.5GeV positrons

collected 772 million BB̄ pairs
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B-Factories (past): BABAR

PEPII at SLAC in Menlo Park (USA)

9GeV electrons on 3.1GeV positrons

471 million BB̄ pairs collected

Thomas Lück



7/30

B meson tagging

at e+e− machines initial state is
known

tagging: (fully) reconstructing
the accompanying Btag meson

using momentum conservation
one can infer the missing
4-momentum:

pmiss = pe+e−−pBsig−pBtag

semi-leptonic (non-tau) decays
identified by peak at
m2

miss = p2
miss = 0

semi-tauonic decays will peak at
higher m2

miss due to 2 (3)
missing neutrinos on signal side

Thomas Lück
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Different types of tagging

Inclusive tagging:

not reconstruct specific decays
reconstruct signal side
combine all remaining particles in
event into tag B candidate
low resolution, but high efficiency

semi-leptonic tagging:

reconstruct B → D(∗)`ν
high branching ratio (BR)
missing neutrino ⇒ not full
kinematic information

hadronic tagging:

reconstruct Btag in hadronic
mode
full kinematic of Btag

low BR and efficiency

F. Bernlochner
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Belle II (FEI) / Belle (FR)

reconstruct full decay
chain step by step
O(5000) decay channels
apply at each step
multivariate analysis
FR similar to FEI but
with NN instead of BDT
and different cuts
FEI: around 200 BDT to
reconstruct full decay
chain

BABAR semi-exclusive
reconstruction (SER):

reconstruct seed meson:
J/Ψ, D, D∗, Ds

start adding up to 5
light hadron candidates
(K , π±, π0, KS ) to form
a B candidate

arXiv:1807.08680
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R(D(∗)) with Hadronic tag and leptonic tau decay from
B-Factories

Belle (arXiv:1507.03233 (2015)) and BABAR (arXiv:1205.5442
(2012)) performed very similar analysis of hadronically tagged
B-events and leptonic tau decays: τ → `ντν` with full datasets

signal B → D(∗)τν and normalization mode B → D(∗)`ν

reconstruct four signal channels D∗+`−, D∗0`−, D+`−, D+`−

signal and normalization mode have same reconstructed final state

tag side B meson fully reconstructed in hadronic mode

the momentum transfer is used to select signal events
q2 = (pBsig − pD(∗) )2 > 4GeV 2 (m2

τ = 3.16GeV 2)

further Bkg suppression done by training multivariate methods and
cut on mBC :

Belle: use neural net output ONB for signal fit
BABAR: cut on multiple BDTs
for both important variable: EECL (next slide)

Thomas Lück
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beam constrained mass of tag B:

mBC =
√

s
4 − |~preco |2 (for BABAR it is called mES )

for correctly reconstructed tag B peaks at B - meson mass

extra energy in the calorimeter EECL:

sum over all calorimeter entries not used for reconstruction
for signal AND normalization mode peaks at 0

Signal enhanced region BABAR analysis (m2
miss > 1GeV 2)

Thomas Lück
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BABAR extracts signal yields by a 2D fit to the m2
miss and the

lepton energy in the B-rest frame E ∗
l

top: D`; bottom D∗` (neutral + charged)

Thomas Lück
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Belle estimates signal from simultaneous fit:
normalization mode region: m2

miss for m2
miss < 0.85GeV 2

signal mode region: NN output o′NB for m2
miss > 0.85GeV 2

Thomas Lück
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Results: R(D(∗)) with hadronic tag, leptonic tau decay
from B-Factories

Event yields

Result

Uncertainties

Thomas Lück
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Measurement of the τ -polarization: Belle arXiv:1709.00129

R(D∗) with hadronically tagged B → D∗τν with τ± → π±ντ
and τ± → ρ±ντ
reconstructed the τ polarization by exploiting that ONLY 1
neutrino in tau decay:

tau direction not directly accessible
in τν rest frame ⇒ angle between τ and h, cos θτh, known (h
= e, π, ρ)
related to τ helicity angle by:
cos θh = 1

~pτh
(γ|~ph| cos θτh − βγEh)

fit to EECL in two bins of cos θτh

Thomas Lück
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R(D(∗)) with Semileptonic tag and leptonic τ decay: Belle
arXiv:1910.05864 (2019)

the tag B-meson is reconstructed semi-leptonically:
B → D(∗)`ν

four signal channels D(∗)` are reconstructed

not full kinematic information for the tag side

use the angle between the B-meson and the D(∗)` system to
estimate quality of B-tag:

assuming neutrino mν ≈ 0 one can derive:

cos θD(∗)` =
2EbeamE

D(∗)`
−m2

B−m2

D(∗)`

2|~pB ||~pD(∗)`
|

for decays where only neutrino is missing [−1, 1] (with tails
due to resolution and Bremstrahlung)

Thomas Lück
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R(D(∗)) with Semileptonic tag and leptonic τ decay: Belle
arXiv:1910.05864 (2019)

a BDT is trained to distinguish signal and normalization mode using
m2

miss , cos θD(∗)` for the signal side, and total visible energy
Evis =

∑
i Ei

the signal is estimated by a 2D extended ML fit to EECL and the
BDT output

Thomas Lück
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R(D(∗)) with Semileptonic tag with leptonic τ decay: Belle
arXiv:1910.05864 (2019)

Results

R(D) = 0.307± 0.037(stat)± 0.016(syst)

R(D∗) = 0.283± 0.018(stat)± 0.014(syst)

the most precise estimation yet

in good agreement with the SM values

Thomas Lück
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R(π) by Belle (arXiv:1509.06521)

measurement of R(π−) = B(B0→π−τ+ν)
B(B0→π−`+ν)

challenging due to CKM suppression (≈40 times smaller than
b → cτν)

hadronically reconstruct the tag B

combination three different channels: τ → ρν; τ → eνν; τ → πν

use extra energy in calorimeter, EECL, to fit signal yield

Result:

measured: R(π) = 1.05± 0.51
SM prediction: R(π)SM = 0.641± 0.016

Thomas Lück
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LHCb detector

bb̄ produced in gluon-gluon-fusion ⇒ forward boost

low lumi but bb̄ cross section ≈ ×105 compared to B-factories

≈ 750× 109 BB̄ events at 7TeV and 13TeV (750 × Belle+BABAR)

Figure 1: View of the LHCb detector [23].

The spectrometer magnet, required for the momentum measurement of charged particles,
is a warm dipole magnet providing an integrated field of about 4 Tm, which deflects charged
particles in the horizontal plane. The field of the spectrometer magnet also has an impact
on the trajectory of the LHC beams. Three dipole magnets are used to compensate for
this effect and to ensure a closed orbit for the beams [25].

The tracking system consists of the VErtex LOcator (VELO), situated around the
interaction region inside a vacuum tank, and four planar tracking stations: the Tracker
Turicensis (TT) upstream of the dipole magnet, and tracking stations T1–T3 downstream
of the magnet. Silicon microstrips are used in TT and the region close to the beam-pipe
(Inner Tracker, IT) of stations T1–T3, whereas straw tubes are employed for the outer
parts (Outer Tracker, OT). Charged particles require a minimum momentum of 1.5 GeV/c
to reach the tracking stations, T1–T3.

The VELO contains 42 silicon modules arranged along the beam, each providing a
measurement of the r (R sensors) and φ (Φ sensors) coordinates. The pitch within a
module varies from 38µm at the inner radius of 8.2 mm, increasing linearly to 102µm
at the outer radius of 42 mm. For detector safety, the VELO modules are retracted by
29 mm in the horizontal direction during injection of the LHC beams and are subsequently
moved back, using a fully automated procedure once stable conditions have been declared.
From the declaration of stable beams the VELO takes, on average, 210 seconds to close.
During LHC Run I approximately 750 closing procedures were performed.

The TT and IT detectors use silicon microstrip sensors with a strip pitch of 183µm
and 198µm, respectively. The TT is about 150 cm wide and 130 cm high, with a total

5

arXiv

:1412.6352v1
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R(D∗+) with τ → µν: LHCb arXiv:1506.08614 (2015)

only Run1 data (3fb−1)

reconstruct exclusively D∗+ → D0π+ with D0 → K−π+

leptonic mode for tau decay: τ → µν

no other charged particle from same common vertex

vertex has to be significantly displaced from IP

use ”rest frame approximation” to approximate the B meson
momentum

Thomas Lück
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Rest frame approximation

due to missing neutrinos
B-momentum can not be
completely reconstructed

exploit large boost along beam axis
at LHCb: βγ ≈ 50

assume velocity along the beam
direction of B-meson is the same
as velocity of reconstructed
D∗−µ system
direction of B meson estimated
by position of the displaced
vertex
|pB | = mB

mD∗µ
(pD∗µ)z

√
1 + tan2 α

with α angle between B and
beam

A Challenge to Lepton Universality in B Meson Decays — 3/10

Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ϒ (4S)→ B+B− event, with B−→ D0τ−ν̄τ , D0→ K−π+ and τ−→ e−ντ ν̄e, and the
B+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B0 path (dotted
orange line), and its decay B̄0→ D∗+τ−ν̄τ with D∗+→ D0π+ and D0→ K−π+, plus the µ− from the decay of a very short-lived τ−.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3−23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B−→ τ−ντ decays
The decays B−→ τ−ντ with two or three neutrinos in the final
state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ϒ (4S)
resonance via the process e+e−→ϒ (4S)→ BB. These BB pairs
can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m2

miss =E2
miss−

~p2
miss, is used to distinguish events with one neutrino (m2

miss ≈ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).

arXiv:1703.01766
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R(D∗+) with τ → µνν: LHCb arXiv:1506.08614 (2015)

the signal is extracted from a 3D
binned ML fit in m2

miss , q2, E∗l

Result

R(D∗+) = 0.336±0.027(stat)±0.030(syst)

Thomas Lück
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R(D∗+) with τ− → π−π+π−ν: LHCb arXiv:1708.08856
(2018)

similar to previous LHCb analysis D∗+ → D0π+ with
D0 → K−π+

use τ− → π−π+π−ν for τ decay

allows to reconstruct the τ vertex:

used to suppress background by requiring τ vertex at least 4 σ
downstream of B-vertex
reconstruction of the τ decay time used in the fit

disadvantage: normalization not reconstructed simultaneously:

chose B → D∗πππ as normalization
R(D∗) =

(
B(B→D∗τν)
B(B→D∗πππ)

)
fit

(
B(B→D∗πππ)
B(B→D∗µν)

)
ext

depends on external input branching ratios

BDTs are used to suppress hadronic background

Thomas Lück
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R(D∗+) with τ− → π−π+π−ν: LHCb arXiv:1708.08856

signal yield from 3D binned likelyhood fit to q2, τ decay time tτ ,
and BDT output

R(D∗+) = 0.280± 0.018(stat)± 0.025(syst)± 0.013(ext)

Thomas Lück
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R(J/Ψ): LHCb arXiv:1711.05623 (2018)

energies at LHCb also allow the production of higher mass bottom
mesons and hadrons

investigate Bc → J/Ψτν to measure R(J/Ψ) = B(Bc→J/Ψτ+ν)
B(Bc→J/Ψµ+ν)

binned 4D fit to q2, m2
miss , lepton energy E∗l , and tau life time tτ

Results:

measured: R(J/Ψ) = 0.71± 0.17(stat)± 0.18(syst)
SM prediction: R(J/Ψ) = 0.2582(38)
around 2 σ above SM

Thomas Lück
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Summary R(D(∗)) measurements

Thomas Lück
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How to improve the precision

obviously more statistics (LHCb, Belle II)

some of the biggest uncertainties:
”gap problem”: difference between measured inclusive and
sum of exclusive b → c`ν
background from not well measured B → D∗∗`ν decays
not well measured cross feed from B → D∗∗τν decays
LHCb significant backgrounds from not well measured
hadronic B decays
all above can be reduced by improved measurements (e.g.
Belle II)

MC statistics another big contribution to systematics:
producing more MC!?
costs time and money, as time=money ⇒ money2

new approaches:
generator level filtering of events (reduces expensive detector
simulation)
fast simulation: mimic detector response by fast methods (e.g.
GAN)

Thomas Lück
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What to expect from upcoming LHCb and Belle II analyses

arXiv:2101.08326: possible projection of development of
uncertainties as function of collected data sample

put in assumption how statistical and systematic uncertainties
behave with increasing size of datasets

arXiv:2101.08326

Thomas Lück



30/30

Summary

around 3 σ deviation for R(D(∗)) between experimental world
average and SM prediction

measurements from different experiments and several channels

new channels are investigated e.g. R(π) or R(J/Ψ)

further channels will be added in future R(X ), R(D∗∗)

increasing LHCb dataset will provide further precision
improvement

Belle II will soon join the hunt for R(D(∗)) with new e+e−

collision data

work needed to decrease the systematics

Thomas Lück
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R(D) HFLAV

0.2 0.4
R(D)

BaBar (2012), had. tag
 0.042± 0.058 ±0.440 

Belle (2015), had. tag
 0.026± 0.064 ±0.375 

Belle (2019), sl. tag
 0.016± 0.037 ±0.307 

Average 
 0.013± 0.027 ±0.340 

SM pred. average
 0.003±0.299 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 

HFLAV
Spring 2019

/dof = 0.4/ 1 (CL = 52.00 %)2χ
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R(D∗) HFLAV

0.2 0.3 0.4
R(D*)

BaBar (2012), had. tag
 0.018± 0.024 ±0.332 

Belle (2015), had. tag
 0.015± 0.038 ±0.293 

Belle (2017), (had. tau)
 0.027± 0.035 ±0.270 

Belle (2019), sl.tag
 0.014± 0.018 ±0.283 

LHCb (2015), (muonic tau) 
 0.030± 0.027 ±0.336 

LHCb (2018), (had. tau)
 0.029± 0.018 ±0.280 

Average 
 0.008± 0.011 ±0.295 

SM pred. average 
 0.005±0.258 

PRD 95 (2017) 115008 
 0.003±0.257 

 JHEP 1711 (2017) 061  
 0.008±0.260 

JHEP 1712 (2017) 060 
 0.005±0.257 

HFLAV
Spring 2019

/dof = 0.4/ 1 (CL = 52.00 %)2χ
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arXiv:2101.08326
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q2 spectrum BABAR and Belle: arXiv:2101.08326
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Handling of D∗∗ background (BABAR): reconstruct
D(∗)π0`ν
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