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The LHCb experiment
GPD with focus on flavor physics 
➡ 25% of !  production with 4% of solid angle 

(2 ≤ η ≤ 5) 
➡ 100k b-hadrons produced every second 

Excellent secondary vertex 
reconstruction 

PID: π, K, p, µ

bb̄
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ALPS2017, 17-21 April 2017, Austria 

Current LHCb detector

Federico Alessio 2

Atlas/CMS
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Acceptance

LHCb proved itself to be the Forward General-Purpose Detector at the LHC:

• forward arm spectrometer with unique coverage in pseudorapidity
(2 < η < 5, 4% of solid angle)

• catching 40% of heavy quark production cross-section

• precision measurements in beauty and charm sectors
9 Δp / p = 0.4% at 5 GeV/c  to 0.6% at 100 GeV/c

9 impact parameter resolution 20 μm for high-pT tracks

9 decay time resolution 45 fs for Bs Æ J/ψ φ and Bs Æ Ds π

Muon
Charged hadron

Electron
"pKπ

"pKπ

If there is no 
other option

High precision
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Hugely successful Runs 1 and 2

!4

Including latest ATLAS results [ATLAS-CONF-2019-009]

Combination of ATLAS results (
p
s =7, 8 and 13 TeV):

�s = �0.076± 0.034(stat)± 0.019(syst) rad
��s = 0.068± 0.004(stat)± 0.003(syst) ps�1

New HFLAV average
�s = �0.0544± 0.0205

��s = 0.0762± 0.0033 ps�1

Thanks to the HFLAV team!

Andrea Contu (INFN) Mixing and CPV in b and c at LHCb 25 Mar 2019 10 / 25

LHCb still ahead...

• ... thanks to updates from J/!"+"− and J/!K+K−

• ... but it was a close-run thing. We can (in general) beat the 
GPDs, but (in general) we need Run2 data to do so.  6

Most precise measurement of φs R(D*) from B → D*τν

LHCb has demonstrated emphatically that the LHC is an ideal laboratory for flavor physics 
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Figure 74.2: Proper time distribution of B0
s æ D≠

s fi+ candidates tagged as mixed (red) or unmixed
(blue) in the LHCb experiment, displaying B0

s –B
0

s oscillations (from Ref. [54]).

of Ref. [55]. Using the measurements of Eqs. (74.15) and (74.17), one can extract
----
Vtd

Vts

---- = 0.2054 ± 0.0004(exp) ± 0.0029(lattice) , (74.19)

in good agreement with (but much more precise than) the value obtained from the ratio of the
b æ d“ and b æ s“ transition rates observed at the B factories [52].

The CKM matrix can be constrained using experimental results on observables such as ∆md,
∆ms, |Vub/Vcb|, ‘K , and sin(2—) together with theoretical inputs and unitarity conditions [52,56,57].
The constraint from our knowledge on the ratio ∆ms/∆md is more e�ective in limiting the position
of the apex of the CKM unitarity triangle than the one obtained from the ∆md measurements
alone, due to the reduced hadronic uncertainty in Eq. (74.18). We also note that the measured
value of ∆ms is consistent with the Standard Model prediction obtained from CKM fits where no
experimental information on ∆ms is used, e.g., 17.25 ± 0.85 ps≠1 [56] or 16.70 +0.73

≠0.45
ps≠1 [57].

Information on ∆≈s can be obtained from the study of the proper time distribution of untagged
B0

s samples [58]. In the case of an inclusive B0
s selection [59], or a flavor-specific (semileptonic or

hadronic) B0
s decay selection [20, 60–62], both the short- and long-lived components are present,

and the proper time distribution is a superposition of two exponentials with decay constants ≈L,H =
≈s ± ∆≈s/2. In principle, this provides sensitivity to both ≈s and (∆≈s/≈s)2. Ignoring ∆≈s and
fitting for a single exponential leads to an estimate of 1/≈s (called e�ective lifetime) with a relative
bias proportional to (∆≈s/≈s)2. An alternative approach, sensitive to first order in ∆≈s/≈s, is
to determine the e�ective lifetime of untagged B0

s decays to pure CP eigenstates; measurements
exist for B0

s æ D+
s D≠

s [61], B0
s æ K+K≠ [62, 63], B0

s æ J/Â÷ [64], B0
s æ J/Âf0(980) [65],

B0
s æ J/Âfi+fi≠ [51, 66], B0

s æ J/ÂK0

S
[67], and B0

s æ µ+µ≠ [68]. The extraction of 1/≈s and
∆≈s from such measurements, discussed in detail in Ref. [69], requires additional information in
the form of theoretical assumptions or external inputs on weak phases and hadronic parameters. In
what follows, we only use the e�ective lifetimes of decays to CP -even (D+

s D≠
s , J/Â÷) and CP -odd

1st June, 2020 8:31am

New J. Phys. 15, 053021 (2013)

double-charm background over the signal after the
detached-vertex requirement. Figure 3 shows the 3π mass
data distribution after the detached-vertex requirement,
where peaking structures corresponding to the Dþ → 3π
decay and Dþ

s → 3π decay—a very important control
channel for this analysis—are clearly visible.

2. Background from other sources

Requirements additional to the detached vertex are
needed to reject spurious background sources with vertex
topologies similar to the signal. The various background
sources are classified to distinguish candidates where the 3π
system originates from a common vertex and those where
one of the three pions originates from a different vertex.
The background category, where the 3π system stems

from a common vertex, is further divided into two different
classes depending on whether or not theD"− and 3π system

originate from the same b hadron. In the first case, the 3π
system either comes from the decay of a τ lepton or a D0,
Dþ, Dþ

s or Λþ
c hadron. Candidates originating from b

baryons form only 2% of this double-charm category.
In this case, the candidate has the correct signal-like vertex
topology. Alternatively, it comes from a misreconstructed
prompt background candidate containing a B0, Bþ, B0

s or
Λ0
b hadron. The detailed composition of these different

categories at the initial and at the final stage of the analysis
is described in Sec. III G. In the second case, the D"− and
the 3π systems are not daughters of the same b hadron. The
3π system originates from one of the following sources:
the other b hadron present in the event (B1B2 category); the
decay of charm hadrons produced at the PV (charm
category); another PV; or an interaction in the beam pipe
or in the detector material.
The 3π background not originating from the same vertex

is dominated by candidates where two pions originate from
the same vertex whilst the third may come directly from the
PV, from a different vertex in the decay chain of the same b
hadron, from the other b hadron produced at the PV, or
from another PV. Due to the combinatorial origin of this
background, there is no strong correlation between the
charge of the 3π system and the D"− charge. This enables
the normalization of the combinatorial background with the
wrong-sign data sample.

3. Summary of the topological selection requirements

The requirements applied to suppress combinatorial and
charm backgrounds, in addition to the detached-vertex
criterion, are reported in Table I. These include a good
track quality and a minimum transverse momentum of
250 MeV=c for each pion, a good vertex reconstruction
quality for the 3π system and large χ2IP with respect to any
PV for each pion of the 3π system and for the D̄0 candidate,
where χ2IP is defined as the difference in the vertex-fit χ

2 of a

FIG. 1. Topology of the signal decay. A requirement on the
distance between the 3π and the B0 vertices along the beam
direction to be greater than four times its uncertainty is applied.
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FIG. 2. Distribution of the distance between the B0 vertex and
the 3π vertex along the beam direction, divided by its uncertainty,
obtained using simulation. The vertical line shows the 4σ
requirement used in the analysis to reject the prompt background
component.
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Vertexing and 
tracking are the 
cornerstones of 

these results
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First CPv in charm sector
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Limitations of LHCb

!5

42 The LHCb detector at the LHC

(a) (b)

Figure 2.7: (a) Instantaneous luminosity during a long (15h) LHC fill comparison between ATLAS,CMS
and LHCb. (b) Pile-up µvis and peak luminosity recorded at LHCb during Run I data taking period.
The violet dashed line corresponds to the designed value (µvis = 0.6); it has been demonstrated that
performances are not degraded if the value is kept at 1.6 (at

p
s = 8 TeV) [63], which is the value used

for data taking corresponding to a peak luminosity of 4 ⇥ 1032cm�2 s�1. Figures taken from [63].

of the vertex signature as mentioned before and of the final state high transverse momentum
(pT). Therefore, an excellent tracking system, particle identification and trigger strategy are
the key ingredients for LHCb. The LHCb tracking system is composed by a VErtex LOcator
(VELO, details given in Sec. 2.3.1) positioned at few mm from the pp interaction point, a dipole
magnet (see Sec. 2.3.2) and tracking stations placed upstream and downstream of the dipole
(see Sec. 2.3.3,Sec. 2.3.4 and Sec. 2.3.5). The tracking system is designed to reconstruct different
types of tracks among which the so called long tracks are the most relevant for physics
analysis. Long tracks leave signatures in the whole spectrometer and they are associated
to charged particles produced close to the interaction point flying throughout the whole
detector. Other important tracks in LHCb are the downstream tracks and they are associated
to the large fraction of tracks originating from long-lived particles decay (such as KS and
⇤0). Downstream tracks are produced outside the VELO, therefore they can be reconstructed
using only the upstream and the downstream trackers.

Details on the tracking system are provided in Sec. 2.3 while tracking strategies will be pro-
vided in the dedicated upgrade section (see Sec. 4.1) when describing the track reconstruction
for the upgrade phase. Particle identification (see Sec. 2.4) is ensured for electrons and photons
by a silicon pad detector (SPD), a preshower (PS) and an electromagnetic calorimeter (ECAL),
while for charged hadrons the hadronic calorimeter is used (HCAL) (see Sec. 2.4.2). Different
types of hadrons are distinguished through the two Ring Imaging CHerenkov detectors (see
Sec. 2.4.1) placed upstream and downstream of the dipole magnet covering different hadron
momentum ranges. Muons are identified by muons stations composed of alternating layers of
iron and multiwire proportional chambers (see Sec. 2.4.3) placed downstream the calorimeter
system.

Leveling luminosity at 
4×1032 cm-2s-1 since 2011

Have been 
luminosity leveling 
since 2011 

➡ Data sample limited to     
1-2 fb-1/year 

74 The LHCb upgrade

leading to a huge boost of the physics capabilities of the experiment.

3.2 Detector Upgrade: motivations and plans
In order to fully exploit the LHC capabilities, LHCb detector optimal running conditions
should try to fully benefit from the large cross-sections for b� and c� quark productions, be
able to perform analysis in a clean environment (e.g. high signal purity and significance) and
maximise as much as possible the trigger efficiencies and capabilities. These three aspects
have a strong interplay among each others. For example, one could run LHCb at higher lumi-
nosities and take advantages of larger pile-up (µ, measured as the average number of visible
interactions per crossing) to increase the physics yield. Nevertheless, the previous statement
implies an increased background contamination as well as higher detector occupancies which
lead to drop in track reconstruction efficiencies.

The studies performed in 2010 for the proposal of the LHCb upgrade were not yet account-
ing for the excellent performance shown by the LHCb experiment in Run I. At that time, the
nominal luminosity decided for the LHCb upgrade was 1033 cm�2 s�1 with a pile-up of 2.5 and
extrapolations were made to account for the spill-over effects of 25 ns bunch spacing, which
has been reached only in Run II. At that time also the technological solutions to adopt for the
detector upgrade were not yet decided as well as a trigger strategy. Nonetheless, it was already
clear that to fully benefit from higher luminosities the LHCb hardware trigger would represent
a serious bottleneck to perform optimal triggering of events, especially for hadronic modes.
Another important aspect taken into account was the increase of the sub-detector occupancy

Figure 3.1: Evaluation of the trigger yields as a function of the instantaneous luminosity at LHCb for
some selected decay modes. The green triangles represents the trigger yields scaling as a function of the
luminosity for the Bs ! J/ � mode for which the muon L0 trigger is used. For all the other modes, the
hadronic L0 trigger selection is used. It is clear that the hardware (HW) based L0 trigger for hadronic
decays efficiency flattens out at higher luminosity implying an important loss in physics yield. Figure
taken from [95].

Leptonic

Hadronic

Limitations for higher luminosity of 2011-2018 detector 
➡ Low efficiency for hadronic decays at higher lumi due to hardware trigger 
➡ Overall performance degrades quickly for high occupancy 
➡ Radiation hardness of trackers



Upgrade I

114
Tracking in LHCb and stand-alone track reconstruction for the Scintillating

Fibre Tracker at the LHCb upgrade

• Read-Out system: the SiPM are connected to the Front-End electronics where dedicated al-
gorithms (implemented in FPGA) are used to process the SiPM output producing clusters.
Clusters are sent to the online into a packed form matching the bandwidth requirements and
are used to perform track reconstruction.

The fibers mats in the first and fourth x-layer (within the same station) are vertically oriented,
i.e. the fiber mats are parallel to the y axis of the laboratory frame. Therefore, the read-out of a x-
layer provides the direct measurement of the xtrack(zlayer) position. The second (u) and the third
(v) layers are identical to the x-layer, but their fiber mats are tilted with respect to the x-layer by
+5� and �5� respectively. The read-out of the u/v-layers provides the u and v stereo coordinates,
which are used to extract the information on the y-z plane motion of the particles. The main
geometrical information used in pattern recognition algorithms when dealing with u/v-layers
are sketched in Fig. 4.10. In the following a description of the SciFi elementary components
is provided as well as the flow of information to produce an actual hit, the elementary object
used for pattern recognition.
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Figure 4.9: Front view of one SciFi station. Scintillating fibers (diameter �=250 mm) run vertically
and they are stacked into six layers of fibre to form the fibre mat. Fibers are mirrored at one end (at
y = 0) to increase the light yield and the light produced by the interacting particle is collected by SiPM
outside the LHCb acceptance. Fibre mats are placed in each layer in between honeycomb and carbon
fibre reinforced polymers to ensure mechanical stability. The SiPM are directly coupled to the front-end
electronics boards. Figure taken from [129].
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Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Upgrade I

!7

9 fb-1

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1.1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2

2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet

Goal: 50 fb-1Upgrade I

HLT
Software

100 kHz (2-5 GB/s)
Events on disk

40 MHz
pp 

collisions
Detector 
readout

Upgrade I (being installed)

All electronics upgraded to send every hit to           
flexible software trigger VELO 

Silicon strips

Pixel VELO 
Silicon pixels

UT 
Silicon strips

TT 
Silicon strips

IT + OT 
Silicon strips + straw tubes

SciFi 
Scintillating fibers

Increase granularity and longevity of 3 new trackers 
New RICH optics, lower PMT gain in CALO
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Pixel VELO overview
In vacuum as close to IP as possible 

➡ Crucial for vertexing and tracking

!8

LHCb week 
September 2020

VELO foil etching status
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And  work of many others… 
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VELO Status Report

LHCb 
acceptance

103 cm

55 cm

VELO Pixel VELO
Years of operation 2010 – 2018 2022 – 2030
Sensors 173k R-φ 41M pixels
Number of layers 23 26
Distance from IP 8.2 mm 5.1 mm
Fluencemax [1 MeV neq cm-2] 4.3×1014 8×1015

HV Tolerance 500 V 1000 V
ASIC Readout 1 MHz Data driven
Data Rate ~150 Gb/s 2.8 Tb/s
Power ~0.8 kW ~1.6 kW
Operating temp. -8°C -25°C
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Pixel VELO overview
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LHCb week 
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VELO foil etching status
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VELO Status Report

Beam vacuum

RF foil

Proton beam

VELO 
vacuum
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New RF foil
RF foil separates beam/VELO vacua and 
shields electronics 

Largest contributor to material budget 
Initial proposal to reduce thickness from 
300 to 250 μm 
➡ Decided last year to chemically etch it to 150 μm! 

RF now milled and etched 
➡ Extensive metrology campaign

!10

Micro-channels

Impact on Physics

I Foil has a corrugated shape: clearance from Modules

I Particles often traverse foil multiple times before first measuring point

I This impacts the physics performance ) multiple scattering

I Only free variable: foil thickness

I Simulation shows 10% improvement on key physics parameters
when reducing thickness from 250µm to 150µm

RF foil

substrate
cooling

sensors
ASICs

hybrids

RF boxconn.
cooling

other

LHCb simulation

0Xtotal material: 21.3%

Impact Parameter Resolution Background rejection Decay Time Resolution Electron Energy Loss

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 8 / 23

VELO performances

]c-1[GeV
T
p1/

0 1 2 3

m
]

µ
re

so
lu

tio
n 

[
3D

IP

0
10
20
30
40
50
60
70
80
90

100

LHCb simulation

Relative population of
b-hadron daughter tracks

Current VELO
Upgraded VELO

3D Impact Parameter resolution at
L = 2 · 1033

cm
-2

s
-1

CERN
/LH

CC
2013-021

Decay time resolution [fs]
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Current VELO 48.3 ± 0.5 41.2 ± 0.5
Upgraded VELO 43.4 ± 1.6 35.3 ± 0.3

Laura Gavardi | LHCb upgrade plans FPCP, June 6-9, 2016 9 / 18

Chemical etching the innermost 
region with NaOH

Milled from 
Aluminum 

block 
Beautiful 

video

RF foil

VELO sensor
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Sensors and ASICs

200 μm-thick silicon sensor 
➡ n-in-p built by HPK 

✦ Lifetime fluence of 8×1015 1 MeV neq/cm2, 400 Mrad 

➡ 768×256 pixels, each 55×55 μm2 

Three VeloPix ASICs per sensor (tile) 
➡ Thinned to 200 μm, 130 nm CMOS technology 
➡ Each bump-bonded to 256×256 pixels 
➡ 400 Mrad and SEU tolerant 
➡ Readout of every hit 

✦ 800 Mhits/s → 50 khits/s/pixel 

➡ Up to four output lines at 5.12 Gbps each 
➡ Power consumption < 2 W
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Readout electronics
ASICs wirebonded to FE hybrids 
➡ 20 data links at 5.12 Gbps 

✦ Up to 4 links/ASIC on innermost ASICs 

GBTx hybrids deserialize control signals 
➡ Issue with GBTx relocking at -20°C, but charge-pump current increase fixes it 

OPB outside vacuum and high radiation zone 
➡ FEASTMP DC/DC converters, 10 VTTx and 3 VTRx
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Tsensor < -20° C for longevity
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Micro-channel cooling
4 tiles (12 ASICs) on each module 

Cooled by evaporative CO2 in 
micro-channels 
➡ Etched in 500 μm-thick silicon 
➡ Excellent thermal efficiency  
➡ No thermal expansion mismatch with 

silicon ASICs/sensors 
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60 × 60 µm2

120 × 200 µm2

Increase in cross section between the restriction 
and the main channels triggers the boiling 

Micro-channels

Tubes (old backup)

Minimal material 
budget!

https://indico.cern.ch/event/590227/contributions/2613957/attachments/1487154/2310012/VELO_Microchannels.mp4
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Cooling integration and performance
ASICs glued to micro-channels 
➡ Innermost sensors have 5 mm 

overhang 

Demonstrated power 
dissipation up to 30 W with 
small ΔT on the sensor 
➡ Even by end of life (27 W), Tsensor               

well below -20°C
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60 × 60 µm

3

Micro-channels substrates

Data cables

CO2 input
CO2 output

Tiles

Hybrids

CO2 pipes soldered to 
metallization on micro-channels 

Leak tight, keep planarity,  
pressure up to 186 bar

C. Bertella 17-October-2019 20
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CO2 plant set-
point~-32℃ 

Flow~0.3g/s

NSI

NL
O

CLI

Power dissipation performance of  
a pre-production module

-30° C

-25° C

CO2 at -32°C and 0.3 g/s flow

Long R&D campaign 
proved great 

robustness, quality, 
and performance of 
the substrate, micro-
channel production 

finalized

C. Bertella 17-October-2019 5

VELO for upgraded LHCb 
‣ Silicon pixel modules around the LHC 

beam interaction region  

‣Closest distance to LHC beam: 5.1 
mm 

‣ 50 fb−1 integrated luminosity for LHC 
Runs 3 & 4  

‣Very high radiation environment  

‣Max. fluence: 8×1015 MeV · neq/cm2  
‣ LHCb has trigger-less readout - full 

detector readout @ 40 MHz 

‣Cooling requirement 

‣ Sensor tip temperature <-20℃ 

‣ Power dissipation  per module 
~30W 

‣Operating in vacuum 

‣ Low material: 5mm of the silicon 
sensor are not glued on the cooling 
substrate  (innermost part) 

✤Four sensors per 
double sided module 

✤Each sensor (43 x 15 
mm) bonded to three 
VeloPix ASIC’s  

✤Detector Active area 
= 0.12 m2

Hybrid not to scale

Hybrid not to scale



Upstream 
Tracker (UT)

Readout chip

SALT (Silicon ASIC for LHCb Tracking)128 channels, 6-bit ADC (5 bit and polarity), 40MHz readout
total of 4192 chips

M. Artuso et al, First Beam Test of UT Sensors with the SALT 3.0 Readout ASIC,

DOI:10.2172/1568842
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UT overview
Placed between VELO and dipole magnet 

➡ Crucial for triggering and long-lived particle reconstruction 

4 layers of silicon strips with same 
arrangement as TT 

➡ Vertical/stereo layers provide x-y position 

Improved performance 
➡ 40 MHz readout 
➡ Finer granularity 

✦ Close to the beam 187.5 μm pitch → 93.5 μm 

➡ Larger coverage (closer to beampipe) 
➡ Reduced material budget
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Figure 2.7: Overview of UT geometry looking downstream. The di↵erent sensor geometries are
colour coded.

1526mm in X and 1336mm in Y, corresponding to ✓x between ± 317mrad, and ✓y between
± 279mrad. The UTbX plane covers wider in X of 1717 mm. Its angular coverage is
± 314mrad and ± 248mrad in X and Y directions, respectively.

The radius of the circular cutout in the innermost sensors is determined by the size
of the beam-pipe, the thickness of thermal insulation layer, and the clearance required.
The outer radius of the existing beam-pipe at UTbX is 27.4mm. The current design of
thermal insulation, presented in Ref. [19] is 3.5mm thick aerogel heat shield. We allow
for 2.5mm clearance. These considerations lead to an inner radius of the silicon sensor of
33.4mm. Due to the 0.8mm guard ring, the active area starts at 34.2mm. The central
hole leads to an acceptance starting at roughly 14mrad for straight tracks from the centre
of the interaction region. We have verified by simulation that for the typical B decay of
interest, we lose only about 5% of the events because one track is in the beam-pipe hole,
when compared with tracks reconstructed in the VELO and the outer tracker.

Each UT sensors is composed of 250 µm thick silicon and a 10 µm metalisation layer.
The sensors positions are shown as coloured squares in Fig. 2.7. In the central area the
track density is very high. To deal with the high density, sensors of thinner strips, and
also shorter lengths are used. Sensors shaded in yellow have nominal length, and 95µm
pitch, half that of the nominal sensor. Sensors shaded in pink have both half the nominal
pitch and the half nominal length, being about 5 cm long in Y direction. Thus, the central
two staves have sixteen sensors each, instead of fourteen. Each of these fine pitch sensors
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Sensors

in the inner-most region finer segmentation and radiation hardness

Sensor Type Thickness Pitch Length Strips # sensors

A p-in-n 320µm 187.5µm 99.5mm 512 888

B n-in-p 250µm 93.5µm 99.5mm 1024 48

C n-in-p 250µm 93.5µm 50mm 1024 16

D n-in-p 250µm 93.5µm 50mm 1024 16

512 strips

Type A

1024 strips

Type B

1024 strips

Type C

1024 strips 

 Type D 6

Silicon sensors
Optimization with 4 designs 
➡ Outer region with p-in-n, 187.5 μm pitch 

✦ Cost effective 

➡ Inner region with n-in-p, 93.5 μm pitch 
✦ Radiation-hard and good granularity
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Sensor Type Pitch Length Strips # sensors
A p-in-n 187.5 μm 99.5 mm 512 888
B n-in-p 93.5 μm 99.5 mm 1024 48
C n-in-p 93.5 μm 50 mm 1024 16
D n-in-p 93.5 μm 50 mm 1024 16

The sensorsDesign features

Embedded pitch adapters HV contact on top side Cutout around beam pipe

All features working well!

M. Rudolph 10 / 28

Circular cutout 
near the 
beamline

Embedded 
pitch adapters
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SALT: Silicon ASIC for LHCb Tracking
4192 ASICs with 128 channels each 
➡ 130 nm-TSMC with 30 MRad radiation tolerance  

Wire-bonded to sensors 
➡ Input pitch 80μm 

Allow for 40 MHz readout of UT 
➡ Up to 5 SLVS e-links @ 320 Mbps
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Readout chip

SALT (Silicon ASIC for LHCb Tracking)128 channels, 6-bit ADC (5 bit and polarity), 40MHz readout
total of 4192 chips

M. Artuso et al, First Beam Test of UT Sensors with the SALT 3.0 Readout ASIC,

DOI:10.2172/1568842
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Pulse-shape Scan 

21st	July	2020	 LHCb	Tuesday	Meeting	 31	

400V,	+5°C		
after	trim	DAC	scan	
after	MCM,	±5	ADC	

After a bumpy road 
and a few iterations, 
performance is now 

more than 
satisfactory!

S/N on hybrid  . as in test beam

October 23, 2018 The 27th International Workshop on Vertex Detectors 15

ASIC0ASIC3 ASIC2 ASIC1

Total Noise
CMS Noise

Total Noise
CMS Noise

Total Noise
CMS Noise

Total Noise
CMS Noise

Response to calibration signal ~1 MIP

3 2 1 0Sensor Type D: ASIC3 has lower CD than other ASICs
Operating with: default bias, ADCs active on all ASICs
S/N: ~ 20, some oscillations
“Ground” for ASIC0: noisier, inductive

Large coupling in first designs

Much reduced now
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Figure 12: Peak of the Landau fit and e�ciency of the Type A unirradiated UT sensor versus

the applied bias voltage.

middle and charge is shared between the strips.307

Figure 15 shows the e�ciency as a function of the interstrip position. As with the308

collected charge, the e�ciency is seen to be flat versus the interstrip position, indicating309

even when the track points in the middle between the two strips, and charge is shared310

between the two strips, there is little or no loss of e�ciency.311

The studies performed on the type A sensor indicate that it meets the needs of the312

LHCb upgrade. Most of the type A sensors receive very low irradiation, and therefore we313

do not expect a significant degradation in the signal-to-noise performance over the life of314

the sensor. An e�ciency of about 99% is achieved in this beam test. Due to the issue of315

packet loss in MiniDAQ1, we know about 0.5% comes from this source. We therefore find316

that the e�ciency of the Type A sensor in the testbeam is at least 99.5%.317

14

99.5% efficiency

S/N ~ 12
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Integration into stave
︎Modules (hybrids + wirebonded ASICs + sensors) 
and flex cables are mounted onto a stave 
➡ Low-mass support of 1.6 m x 10 cm 
➡ Overlap between sensors on the front and back 
➡ Integrated titanium pipe for CO2 cooling
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Stave

1.6m x 10 cm low-mass support

integrated Ti pipe for CO2 cooling

low-mass Kapton flex for readout, power and grounding

sensors on front and back face overlap

11

Stave 
Flex cable 
Hybrid + ASICs 
Sensor

Stencil 
application of 

TIM, epoxy, 
silicone pedestal

Heat TIM, place module, 
overnight curing

Another module 
on the stave!
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Peripheral electronics (PEPI)
A flexible pigtail cable connects the stave to PEPI 
Backplane distributes balanced load to DCBs 

DCBs optically send data to LHCb DAQ 
➡ Bandwidth: 248 DCBs × 3 VTTx/DCB × 2 links/VTTx × 4.8 Gb/s = 7.1 Tb/s 
➡ Also control system via VTRx
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Pigtail flex 
cable

GBTx GBTx

GBTx GBTx

VTTx VTTx VTTxVTRx
Each DCB (Data Control Board) has 

7 GBTx (rad-hard serdes ASIC),      
3 VTTx (twin optical transmitter), 

and 1 VTRx (optical TX/RX)

Due to space constraints, 
backplane ended up being an 
ultra-dense board with 28 layers 
at the limit of manufacturability

Pigtail connectors

DCB connectors
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UT integration

!21

Integration

17

CO2 COOLING TESTS 

Contamination		
Cleaning	
Orifice	Testing	

21st	July	2020	 LHCb	Tuesday	Meeting	 23	

Michael	Brodski	
Simone	Coelli	
Aravindhan	Venkateswaran	
+	CERN	EP/DT	
+	CERN	TE/VSC	

Staves cooled by CO2, 
tested between -30° and 20°

PEPI cooled by water, boxes sit 
directly on top and below staves

LV and HV regulation 
at the service bays
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A piece of the Free state in LHCb

!22
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The Scintillating Fibres Tracker (SciFi)

Attenuation length Ø 3 m

SiPM array:
128 channels on two dies
customised channel size
250 µm x 1.625 mm (HxW)

CERN/LHCC 2014-001

Laura Gavardi | LHCb upgrade plans FPCP, June 6-9, 2016 12 / 18

Scintillating Fibers (SciFi)
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2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet

114
Tracking in LHCb and stand-alone track reconstruction for the Scintillating

Fibre Tracker at the LHCb upgrade

• Read-Out system: the SiPM are connected to the Front-End electronics where dedicated al-
gorithms (implemented in FPGA) are used to process the SiPM output producing clusters.
Clusters are sent to the online into a packed form matching the bandwidth requirements and
are used to perform track reconstruction.

The fibers mats in the first and fourth x-layer (within the same station) are vertically oriented,
i.e. the fiber mats are parallel to the y axis of the laboratory frame. Therefore, the read-out of a x-
layer provides the direct measurement of the xtrack(zlayer) position. The second (u) and the third
(v) layers are identical to the x-layer, but their fiber mats are tilted with respect to the x-layer by
+5� and �5� respectively. The read-out of the u/v-layers provides the u and v stereo coordinates,
which are used to extract the information on the y-z plane motion of the particles. The main
geometrical information used in pattern recognition algorithms when dealing with u/v-layers
are sketched in Fig. 4.10. In the following a description of the SciFi elementary components
is provided as well as the flow of information to produce an actual hit, the elementary object
used for pattern recognition.
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Figure 4.9: Front view of one SciFi station. Scintillating fibers (diameter �=250 mm) run vertically
and they are stacked into six layers of fibre to form the fibre mat. Fibers are mirrored at one end (at
y = 0) to increase the light yield and the light produced by the interacting particle is collected by SiPM
outside the LHCb acceptance. Fibre mats are placed in each layer in between honeycomb and carbon
fibre reinforced polymers to ensure mechanical stability. The SiPM are directly coupled to the front-end
electronics boards. Figure taken from [129].

Replace straw tubes and silicon Outer Tracker 
➡ Slow drift time of tubes limit occupancy 

12 layers of scintillating fibers 
➡ Readout with SiPMs 
➡ Fibers 250 μm, 80 μm resolution with CoM fit
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The best LHCb yet

!24

VELO performances
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Not only able to withstand 50 fb-1 
and 40 MHz readout, but also 

➡ Better 3D impact parameter resolution 
✦ Translates to improvements of 10-15% in the B decay 

time resolution 

➡ Better pT resolution 
➡ Dramatic reduction of ghost rate #PV
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Figure 4.5: Ghost rate and e�ciency of the Forward pattern recognition algorithm on samples
of simulated Bs ! �� events in upgrade running conditions at ⌫ = 7.6, for both the current
detector and the upgrade detector. For the e�ciency a cut of the track momentum of p > 5
GeV/c is applied.

as function of ⌘ of the tracks at the primary vertex (Fig. 4.7). It can be seen that the
algorithms have di↵erent working points. One is optimised to work in a low occupancy
environment while the other one is optimised for a reasonable e�ciency and ghost rate in
high occupancy events. The e�ciency as function of ⌘ illustrates the better performance
of the SciFi Tracker compared to the OT (2 < ⌘ < 4), but shows as well the advantage of
the additional y segmentation in the range of the IT (4 < ⌘ < 5.)

4.2.4 Track Matching

The track Matching algorithm takes T and VELO tracks as input. It extrapolates them all
to the focal plane of the magnet and checks for a matching pair of tracks. The output of the
algorithm are long tracks. This algorithm is an alternative approach to the Forward pattern
recognition. The Forward algorithm is however the main algorithm used to reconstruct
long tracks for physics analysis and for the trigger in the current experiment, and will also
be the main algorithm in the upgrade experiment.

The performance of the Matching algorithm to reconstruct long tracks, including
ine�ciencies and ghost rates from the VELO and the Seeding algorithm, is given in

170

µ = 5.2 in Run 3µ = 1.1 in Run 2

Performance of the upgraded trigger

Full software trigger ! e�cient triggering on both leptonic and
hadronic final states
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Up to 4× 
higher 
efficiency

Performance of the upgraded trigger

Full software trigger ! e�cient triggering on both leptonic and
hadronic final states
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Up to 2× 
higher 
efficiency

SW trigger very flexible → if you 
can reconstruct it offline, you can 
trigger on it! 
➡ Will open up possibilities not yet thought of

Speed-up makes SW trigger possible



Proposed  
Upgrades Ib and II
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Upgrades

!26

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

9 fb-1

2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1.1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2

Goal: 50 fb-1

Upgrade I

HLT
Software

100 kHz (2-5 GB/s)
Events on disk

40 MHz
pp 

collisions
Detector 
readout

Upgrade I (being installed)

Flexible software trigger and 3 new/better trackers

Upgrades Ib and II (proposed)
Even better granularity, improved calorimeter, 

and fast timing

Goal: 250 fb-1

Upgrade IIUpgrade Ib
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Upgrade Ib possibilities

!27
Figure 4.1: Schematic side view of the Phase-II detector.

within the LHCb acceptance from the initial interactions alone. These high multiplicities lead to
challenging conditions for track and vertex reconstruction. Using the Phase-I Upgrade VELO
detector design as a baseline, the performance of a number of potential modifications to the
detector geometry and materials has been evaluated at the proposed Phase-II luminosity, and their
e↵ects on the final physics performance studied using full Monte Carlo simulations. Figure 4.2
summarises the tracking performance of the baseline (Phase-I) design under luminosities expected
in the Phase-I and Phase-II Upgrade eras. The mean rate of reconstructing ghost tracks in the
VELO alone from spurious hit combinations increases dramatically from 1.6% to 40% for the
increased luminosity, even after tight track-quality requirements are imposed to limit the rate of
these ghosts. There is a corresponding reduction in tracking e�ciency, with the integrated value
within the LHCb acceptance falling from ⇠99% to ⇠96%. There is also a modest degradation in
the impact parameter (IP) resolution, driven by the e↵ect of the lowered tracking e�ciency on
the primary vertex (PV) resolution.

These losses in performance can be almost entirely recovered with a small number of design
improvements. Most notably, by decreasing the pixel pitch from 55µm to 27.5µm and reducing
the sensor silicon thickness from 200µm to 100µm, the ghost rate can be reduced back down to
2% while retaining a tracking e�ciency of 96%, to choose one working point. Another potential
design improvement would be the reduction of material. In the current and Phase-I Upgrade

21

(a) (b)

Figure 4.6: (a) the LHCb dipole magnet, with the white outline indicating the area to be covered by this
device. A symmetrical module will cover the opposite face of the magnet. (b) the momenta spectra in
LHCb simulation of slow pions from the decay D

⇤
! D

0
⇡
+ that leave hits in the UT, Magnet Stations

(MS) and SciFi.

The SiPMs can be located outside the acceptance at the side of the yoke in a region of lower
neutron fluence, routing the photon signals with clear fibres. This design utilises the extensive
knowledge and experience in the collaboration of this technology and re-use of fabrication facilities
and readout electronics designs. A spatial resolution of the order of a mm is su�cient to obtain
the required momentum resolution. The use of a stereo arrangement of layers will be implemented
to achieve the required Y segmentation. Preliminary studies show that the pattern recognition
will be able to cope with the occupancy in Phase-II Upgrade conditions. The tracks from signal
channels are distributed across the vertical acceptance of the modules, while background tracks
from secondary interactions are predominantly close to the mid-plane of the device. Consequently
a small gap between the chambers, as indicated in Fig. 4.6, reduces the occupancy significantly.
The expected lifetime of the fibres in Phase-II Upgrade conditions is under study.

4.3 Particle identification and downstream fast-timing detectors

4.3.1 RICH system

The RICH system plays a central role in the current LHCb physics programme, and will continue
to do so for both the Phase-I and Phase-II Upgrades. The challenge of operating in the fierce
environment of 2 ⇥ 1034 cm�2s�1 can be overcome through a natural evolution of the optics,
photodetectors and readout of the existing two-RICH system. The necessary modifications will
take full advantage of ongoing developments in photodetector and mirror technology. Here the
main aspects of the Phase-II system are outlined, with emphasis on RICH 1, where detailed
studies have already been performed. More information may be found in Ref. [113].

Occupancy is highest in the central region of the RICH-1 photodetectors, rising to around

28

MAGNET STATIONS 
New scintillating fiber stations 
on the inside of dipole magnet 
Improved low-pT tracking

(a)

6.5	m	

4.8	m	

(b)
3.2	m	

0.
8	
m
	

MT	Area	=	16.9	m2	(for	12	layers)	composed	of	14	lots	of		
IT	Area	=		3.4	m2	(for	12	layers)	

0.54	m	

0.
2	
m
	

Figure 4.5: A potential layout for the tracking stations with one layer of the Outer, Middle and Inner
(OT, MT, IT) trackers for the Phase-II Upgrade: (a) the OT region is covered with vertical scintillating
fibres, following the design of the Phase-I Upgrade detector; (b) the IT and MT silicon region, where
one black outlined cell of the IT has dimensions typical of HVCMOS reticles (25 ⇥ 25mm2), and the
540⇥ 200mm2 red outlined elements of the Middle Tracker can be tiled with sensors similar to those in
the UT of the Phase-I Upgrade.

The future development of the novel and cost-e↵ective scintillating fibres will be a primary
candidate technology for covering the outer region of the tracking stations. The radiation hardness
of the system is likely the primary challenge. Detailed studies for both the SiPMs and the fibres
are required. The SiPMs remain a rapidly developing technology. The fibre performance degrades
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MIGHTY TRACKER 
New silicon stations 
around beamline for 

radiation hardness and 
granularity

(a) (b)

Figure 4.9: Schematic of TORCH detector for LHCb: (a) Front-on view of full detector; (b) View
of single module showing focusing block and photodetector plane.

tracks that occur through the mismatching of track candidates found in the VELO and
UT, with candidates found in the downstream tracker, referred to as ‘T-tracks’. Studies
indicate that in events with 50 interactions, when using the matching algorithms developed
for the Phase-I Upgrade, this category of ghosts will reach around 50% of the number
of correct associations. A su�ciently precise time stamp for the downstream candidates
would allow for comparison with the timestamp from the VELO, thereby enabling incorrect
matches from di↵erent interactions to be rejected (see Fig. 4.10(a)). A timing detector
sensitive to the direction of the incident particles, such as the TORCH, would also suppress
T-track ghosts arising from the incorrect association of hits in the downstream tracker (see
Fig. 4.10(b)).

2. Two-thirds of K0
S mesons, and a higher proportion of ⇤ baryons, decay after the VELO

and so could only be time-stamped by the TORCH. This information would allow these
long-lived particles to be assigned to the correct interaction, thereby reducing combinatorics.

3. The design specifications of the TORCH are such to enable particle identification through
ToF in the low-momentum region of 10GeV/c and below, which is the threshold for positive
identification of kaons in the C4F10 radiator of RICH 1. Many important topics in the
LHCb physics programme can be enhanced through the additional discrimination between
pions, kaons and protons that the TORCH will bring in this regime. Examples include
flavour tagging, CP -violation measurements involving high-multiplicity final states, and
searches for exotic hadrons.

It should be noted that the particle identification capabilities of the TORCH will be equally
valuable at the lower luminosities of the Phase-I Upgrade, making this detector an attractive
project for installation in LS3, as discussed in Sec. 5.4.

In Sec. 4.3.3 fast-timing information is also proposed for the ECAL, obtained from silicon
planes embedded between converter material, in order to suppress combinatoric background for

32

TORCH 
PID for pT < 10 GeV 

with 15 ps timing  
(70 ps per photon for 

~30 photons)

D* → Dπ+
slow



SlideManuel Franco Sevilla LHCb upgrades and prospects for charged Lepton Universality Violation

PROJECT DESCRIPTION 11

(a)

 Number of incorrect vertices included in window 
0 20 40 60

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

]

0

5

10

15

20

25

30

35

40

Single plane resolution 20 ps  
Single plane resolution 50 ps  

No timing information  

0 2 4 6 8
0

10

20

30

40

(b)

Mean number of incorrect vertices in window
0 5 10 15

Ef
fic

ie
nc

y 
[%

]

0

20

40

60

80

100

Single plane resolution of 20 ps

Single plane resolution of 50 ps

Figure 4.13: Impact of timing information on assigning ECAL clusters to PVs: (a) number of incorrect
vertices passing selection; (b) e�ciency of selection vs. number of incorrect vertices.

the first steps of which are outlined in Sec. 5.5. The choice of scintillator will be made after a
careful evaluation of the possible e↵ects of radiation. One possible geometry is to embed the
wavelength shifters in chamfers at the corner of the cells, thereby avoiding the need to drill holes
in the tungsten plates. Such an approach, based on the pioneering work described in Ref. [120]
is sketched in Fig. 4.14(a). Another interesting possibility is to dispense with wavelength shifters
and employ clear light-guides to improve the resultant photon yield. These light guides could be
constructed of quartz to improve the radiation hardness of the module. This solution is shown
schematically in Fig. 4.14(b).

Modules constructed of small tungsten cells, and containing silicon planes, are expected to
be rather robust against radiation damage. The exact sampling ratio of the cells need to be
studied, such that this robustness is optimised whilst at the same time satisfying the resolution
requirements discussed above. It may be necessary to plan for the replacement of the innermost
modules after a couple of years of data taking. This operation will be relatively straightforward
in LHCb thanks to the detector’s open geometry, although dedicated tooling will need to be
developed.

Hadron calorimeter

The primary purpose of the Hadron Calorimeter (HCAL) is to give input to the hardware-trigger
decision in the current detector, and also the so-called LLT (low level trigger) of the Phase-I
Upgrade. However the LLT is only expected to be required in the early years of Run 3, when
the HLT is still being commissioned, and hence the HCAL can be removed after this period. As
described in Sec. 4.3.4, the liberated space can be used for augmenting the muon filter.

4.3.4 Muon system

The muon system for the Phase-I Upgrade will consist of four stations, labelled M2 through to
M5, equipped with MWPCs. Station M2 is located directly behind the calorimeter and the other
three stations are embedded in the muon filter, as shown in Fig. 4.15. Each station is divided
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Figure 4.11: Reconstructed resolved ⇡
0 candidates in Run-2 minimum-bias data, divided into sub-samples

with di↵erent numbers of reconstructed primary vertices (NPV). The mass resolution and signal-to-
background ratio (S/B) is indicated for each sub-sample. The selection requires pT(�) > 300 MeV/c and
pT(⇡0) > 550 MeV/c.

Table 4.3: Resolutions in MeV/c
2 on the ⇡

0 mass as determined from true ⇡
0

! �� decays in LHCb
simulation, where the photons are subjected to Gaussian smearing on the energy resolution of the form
�E/E = �S/

�
E(GeV) � �C . Results are shown for the case where the spatial information on the photon

impact point is obtained from current cluster information, and with perfect knowledge.

Spatial information Perfect spatial
from clusters knowledge

�C �C

�S 1% 2% 1% 2%
7% 7.5 8.2 4.2 5.2
10% 8.5 9.3 5.5 6.5
15% 10.5 11.3 8.0 8.9

Candidate technologies for the Phase-II ECAL

A suitable technology to meet the challenging requirements of the Phase-II ECAL is a modular
sampling-calorimeter based on a tungsten or tungsten-alloy absorber. It should be around 25 X0

in depth, as is the current detector, in order to contain the electromagnetic showers induced by
particles from b-hadron decays, and hence will be significantly thinner in longitudinal extent
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Figure 7: Reconstructed resolved ⇡
0 candidates in minimum-bias data, divided into events with

one (left) and four (middle) reconstructed primary vertices (NPV). Right: Number of incorrect
vertices included in the ECAL window for events with µ = 50.

2.3 Fast timing for the electromagnetic calorimeter upgrade

Taking full advantage of the flavor physics opportunities at the High-Luminosity LHC (HL-
LHC) will require a further upgrade of the LHCb detector during LS4 (2030). The inner triplet
magnets that focus the proton beams before the interaction region at LHCb are rated for a
nominal integrated luminosity of 300 fb�1 (perhaps more after ongoing studies of the radiation
damage are completed), so a phase-II upgrade of the LHCb detector that would make it possible
for that much data to be recorded by the time the HL-LHC winds down in the late 2030’s has
been proposed [43]. This upgrade would allow the instantaneous luminosity to be increased by
a factor of 50 with respect to the current design luminosity, and a factor of 10 with respect
to the instantaneous luminosity expected after LS2. This luminosity increase would result in
an average number of proton-proton interactions per bunch crossing µ of about 50. While the
ATLAS and CMS detectors have been taking a significant part of their data with µ larger than
50 since 2016 without major problems, it is much more di�cult to do so in the forward direction
where LHCb operates because of the poorer vertex z-resolution of tracks that are almost collinear
with the beamline. Thus, the phase-II upgrade will have to include a much improved ability of
distinguishing particles coming from di↵erent pp collisions in the same bunch crossing. This will be
especially important for the ECAL, which would see a very rapid degradation of the performance
for neutral particle reconstruction at high µ. This is illustrated in Fig. 7 left and middle. This
figures shows that even with just four pp interactions per event the signal-to-background ratio
under the ⇡

0 peak becomes 4.5 times worse than that in events with just one pp collision.

Since the z spread of pp interactions translated to particle traveling time is about 200 ps,
one way to identify the provenance of the various particles is to add fast timing capabilities
to the ECAL. Figure 7 right shows that with timing resolutions better than 50 ps, the ECAL
would be able to narrow down the pp integration window to 1-7 vertices and recover the post-LS2
performance. I propose to develop the readout electronics for the new ECAL based on Silicon
photo-multipliers (SiPMs). SiPMs are arrays of avalanche photo-diodes operated in Geiger mode
that provide an attractive alternative to Photo-Multiplier Tubes (PMT) thanks to their smaller
size and weight, lower bias voltage, and higher quantum e�ciency for some wavelengths. It is a
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Upgrade II

I Machine requirements can be met to deliver 50 fb�1/year to LHCb
I “a range of potential solutions for operating the LHCb Upgrade II ... permitting

the collection of 300 fb�1 or more at IP8” - [CERN-ACC-NOTE-2018-003]

I Detector requirements in high pileup and high occupancy environment
I Maintaining performance of the tracking, flavour tagging and particle

identification requires precise timing

I Large increase in physics reach

Example of timing to help associate correct primary vertex (in VELO)
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Figure 5.8: Distribution of occupancy across current ECAL. The solid lines indicate the inner, middle
and outer regions. The dotted horizontal lines indicate the region that could be modified during LS3.

modules in turn placed in the outer region (if necessary, it will be possible to manufacture
additional modules at the original production centres). This rearrangement of modules would be
performed in the horizontal band in which the particle flux is highest, and hence would reduce
the occupancy throughout. This scheme is sketched in Fig. 5.8. In b-hadron decays to final states
involving a single ⇡

0 meson emitted within the acceptance, the photons fall into this horizontal
band with around 50% probability. The timing information that will become available in the
inner region will suppress with high e�ciency background from pile-up interactions during the
µ = 5 operation of Run 4. Therefore, the proposed intervention will both lay the foundations for
the full Phase-II ECAL, and also bring a significant improvement in physics performance for
Run 4, which will be invaluable in preparing the physics programme of the high-luminosity era.

Initial R&D will pursue in parallel the pure calorimeter aspects of the module design, and
also the fast-timing capabilities provided by the silicon planes. Concerning the former, the first
priorities will include the optimisation of the scintillating-light output and the performance
of di↵erent scintillators and light-guide materials; the construction of module prototypes and
evaluation in test beams; and radiation hardness tests. The silicon studies will focus on
performance versus di↵erent wafer thicknesses and geometry, the evaluation of various readout
solutions, and the optimal location of the planes within the module.
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2⇥1034 cm�2s�1

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking e�ciency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.
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Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve su�cient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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VELO: PERFORMANCE
• Reconstructed vertices in the detector: 

• A common technique to “reverse engineer” data on material 
content of a detector is to look at conversions in material. 

• e.g. reconstruct  

• Modules and foil are clearly visible in the data.
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Figure 10.2: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), taking the values given in Table 10.1. The hadronic parameter ⇠ is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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And many more! 
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Physics case for an LHCb Upgrade II

Opportunities in flavour physics,
and beyond, in the HL-LHC era

The LHCb collaboration

Abstract

The LHCb Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study

additional physics topics that take advantage of the forward acceptance of the LHCb spectrometer. The

LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the

Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.

The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on

the strengths of the current LHCb experiment and the Upgrade I. It will operate at a luminosity up

to 2 ⇥ 1034 cm�2s�1, ten times that of the Upgrade I detector. New detector components will improve

the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing

Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in

more depth. CP -violating phases will be measured with precisions unattainable at any other envisaged

facility. The experiment will probe b ! s`+`� and b ! d`+`� transitions in both muon and electron

decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision

measurement of the ratio of B(B0 ! µ+µ�)/B(B0
s ! µ+µ�). Probing charm CP violation at the 10�5

level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,

which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity

of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass

scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended

reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the

energy frontier.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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Figure 3.4: Signal-yield asymmetry as a function of the B0
(s) decay time, (NB0

(s)
�NB0

(s)
)/(NB0

(s)
+NB0

(s)
).

Here, NB0
(s)

(NB0
(s)

) is the number of (left) B0
s ! J/ � or (right) B0 ! J/ K0

S decays with a B0
(s) (B0

(s))

flavour tag. The data points are obtained from simulation with the expected sample size at 300 fb�1, and
assuming the current performance of the LHCb experiment. The solid curves represents the expected
asymmetries for �cc̄ss = �36.4mrad [43] and sin�cc̄sd = 0.731 [53]), the values used in the simulation.
The height of the oscillation is diluted from sin�cc̄sd(s) due to mistagging, decay time resolution, and (for

B0
s ! J/ �) the mixture of CP -even and CP -odd components in the final state.

and B0
s !  (2S)� [50] modes have also been studied with LHCb, and give less precise but

still important complementary results. Other channels, which have not been exploited yet but
could be important in Upgrade II if good calorimeter performance can be achieved, include
B0

s ! J/ � with J/ ! e+e� and B0
s ! J/ ⌘(0) with ⌘0 ! ⇢0� or ⌘⇡+⇡�, and ⌘ ! ⇡+⇡�⇡0 or

�� [51, 52].
The scaling of the �cc̄s

s precision with integrated luminosity for individual decay modes
and for their combination is shown in Fig. 3.3 (right). These uncertainties are statistical only
and are scaled from existing results, taking into account the gain in trigger e�ciency expected
for B0

s ! D+
s D�

s after Upgrade I. Maintaining the current performance will put stringent
constraints on the design of the detector as regards momentum and vertex position resolution as
well as particle identification performance. A key ingredient is the flavour tagging that is very
sensitive to event and track multiplicity, as discussed in Sec. 3.2. Systematic uncertainties are
mainly based on the sizes of control samples, and are therefore expected to remain subdominant
even with very large samples. Therefore, it is expected that the small value of �2�s predicted in
the SM can be measured to be significantly non-zero in several channels.

The expected precision on �cc̄s
s after Upgrade II will be ⇠ 4mrad from B0

s ! J/ � decays
alone and ⇠ 3mrad from all modes combined. This will be at the same level as the current
precision on the indirect determination based on the CKM fit using tree-level measurements
(this in turn is expected to improve with better measurements of other CKM matrix parameters).
Figure 3.4(left) shows the signal-yield asymmetry as a function of the B0

s decay time, folded at
the frequency of B0

s oscillations, for B0
s ! J/ � decays from a simulated data set corresponding

to 300 fb�1, and clearly shows that a visible CP -violation e↵ect will be observable. The excellent
precision on �cc̄s

s that can be achieved with Upgrade II gives exciting potential to observe
deviations from the SM prediction, and in their absence will be used to impose severe constraints
on possible beyond-the-SM contributions.
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Figure 3.3: Left: Global HFLAV average of �s and ��s from a variety of experiments [25]. Right:
Scaling of the statistical precision on �s from several tree-dominated B0

s meson decay modes.

contributions to the decay can be neglected (see Sect. 3.3.3), then the experimentally observable
quantity is the phase, �cc̄s

s = �2�s, which has a precise SM prediction of �36.4 ± 1.2mrad
based upon global fits to experimental data [43]. Deviations from this value would be a clear
sign of physics beyond the SM, strongly motivating the need for more precise experimental
measurements.

The single most statistically sensitive measurement �cc̄s
s is given by the flavour-tagged decay-

time-dependent angular analysis of the B0
s ! J/ (µ+µ�)�(K+K�) decay [44]. This channel

has a relatively high branching fraction and the presence of two muons in the final state leads
to a high trigger e�ciency at hadron colliders. Moreover, particle-identification criteria can be
used in LHCb to suppress backgrounds e�ciently, resulting in high sample purity (signal to
background ratio of about 50 in the signal region of ±20 MeV/c2 around the nominal B0

s mass).
The LHCb detector has excellent time resolution (⇠ 45 fs) and good tagging power (⇠ 4%), both
of which are crucial for a precision measurement. Angular analysis is necessary to disentangle the
interfering CP -odd and CP -even components in the final state, which arise due to the relative
angular momentum between the two vector resonances. In addition, there is a small (⇠ 2%)
CP -odd K+K� S-wave contribution that must be accounted for. To do this correctly requires
detailed understanding of any variation of e�ciency with angular variables and K+K� invariant
mass.

Figure 3.3 (left) shows the current global average value of �cc̄s
s and ��s, which are determined

simultaneously from fits to B0
s ! J/ � and, in the case of LHCb, B0

s ! J/ ⇡+⇡� data. The
precision of the world average is dominated by the LHCb measurement which itself is dominated
by the result using B0

s ! J/ �. The averages are consistent with SM predictions [34,43], but
there remains space for new physics contributions of O(10%). As the experimental precision
improves it will be essential to have good control over possible hadronic e↵ects [45,46] that could
mimic the signature of beyond-the-SM physics (see Sect. 3.3.3).

Having multiple independent precision measurements is important since it allows not simply
to improve the precision of the average, but also to perform a powerful consistency check of
the SM. One important way in which this can be done is by allowing independent CP -violation
e↵ects for each polarisation state in the B0

s ! J/ �. This has been done as a cross-check in
the Run 1 analysis [44], but this strategy will become the default in Upgrade II. Additional
information can be obtained from B0

s ! J/ K+K� decays with K+K� invariant mass above
the �(1020) meson, where higher spin K+K� resonances such as f 0

2
(1525) meson contribute [47].

Among other channels, competitive precision can be obtained with B0
s ! J/ ⇡+⇡� decays [48],

which have been found to be dominated by the CP -odd component. The B0
s ! D+

s D�
s [49]
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Lepton universality

!31

By measuring ratios, theoretical/experimental uncertainties greatly cancel
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Fundamental assumption within the SM: 
The interactions of all charged leptons (electrons, muons, and taus) 

differ only because of their different masses
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ū, d̄

c

Charged Higgs/
&  bosonsW′ �

B�, B̄0
b
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Significant deviation in !  from SM 
➡ Measurements from BaBar, Belle, and LHCb 

Is LHCb systematics limited already? 
➡ No! Let's see how

ℛ(D(*))
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Table XIV Summary of R(D(⇤)) measurements.

Experiment ⌧ decay Tag R(D) �stat [%] �syst [%] R(D⇤) �stat [%] �syst [%] ⇢stat/⇢syst/⇢tot

BABARa µ⌫⌫ Had. 0.440 ± 0.058 ± 0.042 13.1 9.6 0.332 ± 0.024 ± 0.018 7.1 5.6 �0.45/� 0.07/� 0.31

Belleb µ⌫⌫ Semil. 0.307 ± 0.037 ± 0.016 12.1 5.2 0.283 ± 0.018 ± 0.014 6.4 4.9 �0.53/� 0.51/� 0.51

Bellec µ⌫⌫ Had. 0.375 ± 0.064 ± 0.026 17.1 7.1 0.293 ± 0.038 ± 0.015 13.0 5.2 �0.56/� 0.11/� 0.50

Belled ⇡⌫ Had. – – – 0.270 ± 0.035+0.028
�0.025 13.0 +10.3

�9.3 –

LHCbe ⇡⇡⇡⌫ – – – – 0.280 ± 0.018 ± 0.029 6.4 10.4 –

LHCbf µ⌫⌫ – – – – 0.336 ± 0.027 ± 0.030 8.0 8.9 –

Average
g

– – 0.340 ± 0.027 ± 0.013 7.9 3.8 0.295 ± 0.011 ± 0.008 3.7 2.7 �0.39/� 0.34/� 0.38

a (Lees et al., 2012, 2013)
b (Caria et al., 2020)
c (Huschle et al., 2015)
d (Hirose et al., 2018)
e (Aaij et al., 2015)
f (Aaij et al., 2018b)
g (Amhis et al., 2019)

Table XV Results of the isospin-unconstrained fits for the
BABAR analysis. The first uncertainty is statistical and the
second systematic.

Result BABAR

R(D0) 0.429 ± 0.082 ± 0.052

R(D+) 0.469 ± 0.084 ± 0.053

R(D⇤0) 0.322 ± 0.032 ± 0.022

R(D⇤+) 0.355 ± 0.039 ± 0.021

muonic tau decay channel. This is discussed in detail in
section II.

D
⇤⇤ feed-down. Excited D

⇤⇤ states decay to D
⇤, D

0

or D
± states plus additional photon, ⇡

0 or ⇡
± that can

escape detection. The semitauonic decay D
⇤⇤

⌧ ⌫ can
therefore easily lead to extraneous candidates in R(D⇤)
or R(D) analyses. The ratio between D

⇤⇤
⌧ ⌫ and D

⇤

⌧ ⌫ decays has not yet been measured and the various
experiments rely on similar theoretical prejudice (?), as-
sociated it a ±50% margin. This margin size is however
arbitrary and may lead to a common underestimate of
the systematic uncertainty due to the feed-down.

A dedicated e↵ort is presently on-going in the LHCb
experiment to better address this issue by providing to
theorist the combination of several measurements:

1. Improved measurements of B ! D
⇤⇤

`
�

⌫` decays
to light leptons, a field where some disagreement
persists between BABAR and Belle measurements
of the relative rates to D

0
1
l⌫.

2. Similar measurements but involving a hadronic de-
cay of the virtual W boson in a single ⇡ and a D

+

s

meson (?).

3. The direct measurement of a subset of D
⇤⇤ semi-

tauonic decays, relative to D1 and D
⇤
2

spectators,
along the lines mentioned in Ref. (?).

The hadronic measurements mentioned in (2) o↵er a
much better visibility of the decays involving the wide
D

⇤⇤ states since the D
(⇤)

⇡ spectrum can be measured
background-free by taking advantage of the narrow B

mass peak and performing a sideband subtraction. The
measurement with a D

+

s
meson in the final state o↵ers

two unique extra-features: the q
2 of these decays is in

the range of interest of semitauonic decays, contrarily to
those where the virtual W decays to a single pion, the
relatives rates of the various D

⇤⇤ states can be measured
when associated to a pure D

+

s
, ie., a spin-0 state, or a

D
⇤
s
, ie., a spin-1 state. It is possible to relate the mea-

surement proposed in (3) to the feed-down rate using
the well-motivated isospin symmetry (feed-down is dom-
inated by D

⇤⇤± states while LHCb will measure D
⇤⇤0),

the precise predictions of the branching fractions of vari-
ous D

⇤⇤ states to D
(⇤)

⇡ modes, and the best estimate of
the fraction of the sum of the semitauonic decays involv-
ing the sum of the two narrow states accessible to the
experiment to the total rate.

Significant progress can therefore be expected in the
control of this important common systematic uncertainty
in the near term, thanks to new measurements and a
strong interplay between theory and experiments.

Double charm production models. Decays of the form
B ! D

⇤,⇤⇤
D

⇤,⇤⇤
s

and B ! D
⇤,⇤⇤

D
⇤,⇤⇤

K
(⇤), where the

first D
⇤,⇤⇤ is partially reconstructed (spectator meson)

and the second D
⇤,⇤⇤
(s)

meson mimicks the ⌧ signal by
decaying semileptonically or to three pions, lead to fi-
nal states very similar to signal decays and are a very
significant background mode in all measurements, espe-
cially in the LHCb results. Although a wealth of mea-
surements regarding these decays has been accumulated
by BABAR, Belle, and LHCb, there are significant ar-
eas where measurements are either totally lacking or not
precise enough to constraint these double charm modes.
The decays yet to be measured precisely enough are those
that either have an excited kaon in the final state, neutral
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Characterizing an anomaly
Even a 5σ on !  would not be 
sufficient to convince ourselves of NP 

➡ Indirect measurement with broad signal distributions 
due to multiple ν in final state 

It will be important to have 
➡ Confirmation of decay rate anomalies by independent 

experiments 
➡ Confirmation of decay rate anomalies in different decays 
➡ Characterization of anomalies in kinematic distributions
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ū, d̄
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Figure 2.5: q2 spectrum for a) B → Dτ− ντ and b) B → D∗τ− ντ decays. The symbol tβ/mH refers
to tanβ/mH± . The area of all curves is normalized to unity.

Table 2.1: Comparison of R(D(∗)) and the average q2
〈
q2
〉
for different values of tanβ/mH± .

B → Dτ− ντ B → D∗τ− ντ

tanβ/mH± (GeV− 1 ) 0.0 0.3 0.5 1.0 0.0 0.3 0.5 1.0

R(D(∗)) 0.297 0.135 0.547 13.512 0.252 0.236 0.235 0.617

< q2 > (GeV2) 7.43 7.03 8.64 8.68 7.59 7.68 7.71 7.43

(which used SM assumptions). The impact of a charged Higgs is larger on R(D) than on R(D∗)

because B → D∗τ− ντ decays receive contributions from H±(q2), which dilute the NP contribution

affecting only H2HDM
s (q2).

This figure also illustrates the negative interference between the virtual W and H± (Eq. 2.37).

The values of R(D(∗)) decrease until the H± contribution to H2HDM
s equals the SM contribution,

which happens at tanβ/mH± ∼0.31GeV− 1 for B → Dτ− ντ decays and at tanβ/mH± ∼0.42GeV− 1

for B → D∗τ− ντ decays. For large tanβ/mH± , the Higgs contribution completely dominates and

R(D) and R(D∗) increase rapidly.

Figure 2.5 shows the impact of the 2HDM on the q2 spectrum. Given that the B and D mesons

have spin 0, the SM decays B → DW ∗ must proceed via S-wave when the spin of the W ∗ is 0 and

via P -wave when the spin is 1. The P -wave adds an additional factor of |p∗
D|2 to the decay rate,

which shifts the q2 spectrum to lower values.

Since the charged Higgs has spin 0, its contribution always proceeds via S-wave, and, thus, has

a larger average q2 than the SM contribution. As a result, for low values of tanβ/mH± where the

negative interference causes H2HDM
s to be smaller than HSM

s , the q2 spectrum shifts to lower values

(see the curve for tanβ/mH± = 0.3GeV− 1 in Fig. 2.5). For large values of tanβ/mH± , the Higgs
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MFS "Evidence for an excess of 
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Stanford University (2012) 
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LHCb environment is slightly busier

!35

ν (1.2 GeV)

µ- (3 GeV)
ρ0 → π+π-

B-factory advantages 
Lower backgrounds 

Collision momentum known 
Neutrals and electron reco

LHCb advantages 
Higher statistics 
All b-hadron species 
Larger boost

pp → XbB0
s X e+e− → B+

tag B−
sig

B− → ρ0μ−νμB0
s → μ+μ−
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pp → XbB0
s X

B0
s → μ+μ−

Vertexing and isolation

Superb vertexing by VELO (in vacuum) 
➡ Only 8.2 mm from IP, 300 μm of material 
➡ Reduced to 5.1 mm from IP, 150 μm of material in upgrade 

B mesons fly several cm thanks to large boost 

Developed isolation BDT for   measurement 
➡ Assign probability of track coming from B vertex 
➡ IPΧ2PV, IPΧ2B, pT, track angle, refitted B vertex with track

ℛ(D*)

!36
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Rest Frame Approximation (RFA) for muonic τ

B-factories effectively reconstruct !  with B-tagging 
➡ !  allows you calculate   !  

LHCb estimates !  with RFA 
➡ Good approximation thanks to large !  boost

pBsig

pBsig
= pe+e− − pBtag

pmiss = pBsig
− pD(*) − pℓ

pXb
Xb
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

Phys. Rev. Lett. 115, 111803 (2015) 

4− 2− 0 2 4 6 8 10 120

0.2

0.4

0.6

0.8

1

4− 2− 0 2 4 6 8 10 120

0.2

0.4

0.6

0.8

12− 0 2 4 6 8 100

500

1000

1500

2− 0 2 4 6 8 100

1000

2000

)2
Ev

en
ts

/(0
.1

0 
G

eV

]2 [GeVmiss
2m

0

(a)

(d) Data
ντ D→B 
ντ* D→B 
ν Dl→B 
νl* D→B 

ν)τ(l/** D→B 
Bkg.

BABAR

BaBar

4− 2− 0 2 4 6 8 10 120

0.2

0.4

0.6

0.8

1

4− 2− 0 2 4 6 8 10 120

0.2

0.4

0.6

0.8

12− 0 2 4 6 8 100

100

200

2− 0 2 4 6 8 100

50

100

150

)2
Ev

en
ts

/(0
.2

5 
G

eV

]2 [GeVmiss
2m

0

(b)

(e)

BABAR

BaBar

Phys. Rev. D 88, 
072012 (2013) 



SlideManuel Franco Sevilla LHCb upgrades and prospects for charged Lepton Universality Violation

Muonic !ℛ(D*+)

Proof of concept measurement in 2015 
➡ Not clear if possible beforehand! 

3D simultaneous fit to !q2, m2
miss,  and E*μ

!38

22

REVIEW RESEARCH

8  J U N E  2 0 1 7  |  V O L  5 4 6  |  N A T U R E  |  2 3 1

In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.

0.25 0.30 0.35 0.40 0.45 0.50 0.55

0.25

0.30

0.35

0.40

0.45
BaBar (HT) Belle (HT)

LHCb Belle (ST)

Heavy Flavor
Averaging Group

Standard model
expectation

Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

 )4
/c2

C
an

di
da

te
s /

 ( 
0.

3 
G

eV

0

10000

20000

30000

40000

50000

60000

70000 LHCb

* (MeV)µE
500 1000 1500 2000 2500

C
an

di
da

te
s /

 ( 
75

 M
eV

 )

0

5000

10000

15000

20000

25000

30000
LHCb

)4/c2 (GeV2q
0 2 4 6 8 10 12

 )4
/c2

C
an

di
da

te
s /

 ( 
3.

25
 G

eV

0
20
40
60
80

100
120
140
160
180
200
220

310×
LHCbData

ντ D*→B 
X')Xν l→(c D*H→B 

ν D**l→B 
νµ D*→B 

Combinatorial
µMisidentified 

Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

ℛ (D*) =
ℬ (B̄ → D*τντ)
ℬ (B̄ → D*μνμ)

Phys. Rev. Lett. 115, 
111803 (2015) 
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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Figure 4: Results of fitting control data enriched in B ! D
⇤+

Hc(! µ⌫X
0)X (green). The

sample is selected by requiring the isolation MVA identify a track consistent with originating
from the B candidate vertex and at least one track consistent with the K

± hypothesis near the
B. Shown are projections in (left) m2

miss and (right) E⇤
µ for each bin of q2.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
⇤
2, D

0
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

⇤+ candidate. Shown are projections in (left) m2
miss and (right) E⇤

µ for each bin of q2.
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IV.D - Fit of LHCb muonic RD* control samples
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Figure 2: Results of fitting control data enriched in B ! [D1, D
⇤
2, D

0
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

⇤+ candidate. Shown are projections in (left) m2
miss and (right) E⇤

µ for each bin of q2.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.

5

Ev
en

ts
/(3

.2
5 

G
eV

2 )

 [GeV2]q2   [GeV2]m2
miss

Ev
en

ts
/(0

.3
 G

eV
2 )

Ev
en

ts
/(0

.0
75

 G
eV

)

  [GeV]E*�

×103

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

Pu
lls

-2
 2

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

100

200

300

400
LHCb4/c2 < 2.85 GeV20.40 < q−

)4
/c2

C
an

di
da

te
s /

 (0
.3

 G
eV

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

Pu
lls

-2
 2

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

200

400

600

800
LHCb4/c2 < 6.10 GeV22.85 < q

)4
/c2

C
an

di
da

te
s /

 (0
.3

 G
eV

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

Pu
lls

-2
 2

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

200

400

600

800
LHCb4/c2 < 9.35 GeV26.10 < q

)4
/c2

C
an

di
da

te
s /

 (0
.3

 G
eV

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

Pu
lls

-2
 2

)4/c2 (GeVmiss
2m

-2 0 2 4 6 8 10

50

100

150 LHCb4/c2 < 12.60 GeV29.35 < q

)4
/c2

C
an

di
da

te
s /

 (0
.3

 G
eV

* (MeV)µE
500 1000 1500 2000 2500

Pu
lls

-2
 2

* (MeV)µE
500 1000 1500 2000 2500

20

40

60

80

100 LHCb4/c2 < 2.85 GeV20.40 < q−

C
an

di
da

te
s /

 (7
5 

M
eV

)

* (MeV)µE
500 1000 1500 2000 2500

Pu
lls

-2
 2

* (MeV)µE
500 1000 1500 2000 2500

100

200

300

400

500 LHCb4/c2 < 6.10 GeV22.85 < q

C
an

di
da

te
s /

 (7
5 

M
eV

)

* (MeV)µE
500 1000 1500 2000 2500

Pu
lls

-2
 2

* (MeV)µE
500 1000 1500 2000 2500

200

400

600

800
LHCb4/c2 < 9.35 GeV26.10 < q

C
an

di
da

te
s /

 (7
5 

M
eV

)

* (MeV)µE
500 1000 1500 2000 2500

Pu
lls

-2
 2

* (MeV)µE
500 1000 1500 2000 2500

50

100

150

200
LHCb4/c2 < 12.60 GeV29.35 < q

C
an

di
da

te
s /

 (7
5 

M
eV

)
Data

ντ D*→B 
X')Xν l→(c D*H→B 

ν D**l→B 
νµ D*→B 

Combinatorial
µMisidentified 

Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

Phys. Rev. Lett. 115, 
111803 (2015) 
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Table 5: Useful charm branching fractions from the PDG 2011.

Decay mode used in BABAR B(%)

D⇤+ ! D0⇡+ 67.7
! D+⇡0 30.7

Total 98.4

D0 ! K�⇡+⇡0 13.9
! K�⇡+⇡�⇡+ 8.1
! K0

S⇡
+⇡�⇡0 5.4

! K�⇡+ 3.9
! K0

S⇡
+⇡� 2.9

! K0
S⇡

0 1.2
! K+K� 0.4

Total 35.8

Table 6: Relative uncertainties in percent for the muonic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

Simulated sample size 6.2

Misidentified µ bkg. 4.8

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

Signal/norm. FFs 1.9

Hardware trigger 1.8

DD bkg. 1.5

MC/data correction 1.2

Combinatorial bkg. 0.9

PID 0.9

Total systematic 8.9

Total statistical 8.0

Total 12.0

3

Muonic !  systematicsℛ(D*+)

!40

FastSim gives a factor of 10×, which only covers Run 2 
Hopefully will scale with data, but it will require faster FastSim, 
faster hardware progress, or more restrictive generator cuts
Data driven procedure developed for "  will reduce it 
to less than 2% in updated measurement

ℛ(J/Ψ)

Generally, systematic uncertainties will come 
down with data, but there will probably be a  

0.5-3% systematics floor from the extrapolations 
to signal region and certain assumptions

Disappears in Run 3
Primarily data driven

Primarily data driven

Primarily data driven

Note that only 30% of the 
systematic uncertainty is 

multiplicative, so the 
majority does not scale 

with central value
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Muonic !ℛ(J/Ψ)
Very similar strategy to muonic !  

➡ Add decay time to separate Bc from Bu,d 
➡ Main background is muon misID

ℛ(D*+)

!41

ℛ (J/Ψ) =
ℬ (B̄c → J/Ψτντ)
ℬ (B̄c → J/Ψμνμ) 28

the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
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model with all normalization and shape parameters at their best-
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are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
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are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
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model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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Figure 23 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(J/ ). (Left)
Full m2

miss projection (b) m2
miss projection in the highest q2 and lowest E⇤

` bins, and (c) decay time projection in the highest
q2 and lowest E⇤

` bins.

criteria the average candidate multiplicity is 1.09 (1.03)
for charged (neutral) signal B final states. Only a single
candidate is retained with criteria depending on the
decay mode or daughter kinematics for D

⇤ 0 candidates.
For D

⇤ + a candidate is chosen at random. At this stage
about 2% of all retained events are reconstructed in both
⌧

� ! ⇡
�

⌫⌧ and ⌧
� ! ⇢

�
⌫ final states. Based on the

expectation from MC, such candidates are reconstructed
in the ⌧

� ! ⇢
�

⌫ channel. To measure R(D⇤) and
P⌧ (D⇤) a simultaneous fit of both final states is carried
out exploiting the discriminatory power of EECL and by
separating the sample into events with cos ✓h > 0 and
cos ✓h < 0. Figure ?? shows the post-fit distribution for
neutral signal final states. The free parameters of the fit
are correctly reconstructed signal, signal-cross feed (i.e.
signal events which were reconstructed in the wrong
category), other cross feed from three-prong or other
⌧ decay modes, semileptonic B ! D

⇤
`⌫̄` background,

semileptonic B ! D
⇤⇤

`⌫̄` and other backgrounds,
continuum, and fake D

⇤ candidates. The determined
signal yields are then converted into measurements of
R(D⇤) and P⌧ (D⇤)

R(D⇤) =
1

B(⌧� ! h�⌫⌧ )
⇥ ✏norm

✏sig
⇥ Nsig

Nnorm

, (51)

P⌧ (D⇤) =
2

↵

N
cos ✓h>0

sig
� N

cos ✓h<0

sig

N
cos ✓h>0

sig
+ N

cos ✓h<0

sig

, (52)

with ↵ a factor accounting for the sensitivity on the po-
larization and e�ciency di↵erences of both channels. The
obtained values are

R(D⇤) = 0.270 ± 0.035(stat)+0.028

�0.025
(syst) , (53)

P⌧ (D⇤) = �0.38 ± 0.51(stat)+0.21

�0.16
(syst) , (54)

both in good agreement with the SM expectations. Fig-
ure ?? shows a summary of the measured value compat-
ibility with the SM. The largest systematic uncertainty
on both measurements are from the composition of the
hadronic B meson background and limited MC statistics
for the fit PDFs. In Table ?? a summary of the largest
uncertainties can be found.

Table XIII Relative uncertainties in percent for Belle’s
hadronic tag measurement of R(D⇤) and P⌧ (Hirose et al.,
2016, 2018).

Result Contribution Uncertainty [%]

R(D⇤)

B ! D⇤⇤`⌫̄` 2.4

PDF modeling 3.4

Other bkg. 8.4

✏sig/✏norm 3.2

Total systematic 9.9

Total statistical 12.9

Total 16.3

P⌧

B ! D⇤⇤`⌫̄` nil

PDF modeling 33

Other bkg. 31

✏sig/✏norm nil

Total systematic 48

Total statistical 134

Total 143

2. Measurement of the D⇤
polarization with inclusive tagging

and leptonic ⌧ decays

TODO

V. COMBINATION AND INTERPRETATION OF THE
RESULTS [5–7 PAGES]

In this section we plan to provide a new world average
and discuss possible implications with respect to the SM.
In addition, we plan to combine the results of di↵erent
measurement categories (e.g. using the same tagging
method or the same tau-lepton final states) to explore
if there is a tension between the various methods. We
also want to provide a time-dependence plot, i.e. how
the measured values of R(D(⇤)) have evolved over time.
Other topics we may touch on: inclusive saturation,
common experimental systematic uncertainties, New
Physics interpretations, including their impact on the
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values ' 2.
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Figure 2: Projections of the nominal fit in bins 4–7 of Z, i.e. individual bins of q
2 and E
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400 ' 300 signal
and 19140 ' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4 ' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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are shown, normalized by the Poisson uncertainty in the data; the
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Figure 23 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(J/ ). (Left)
Full m2

miss projection (b) m2
miss projection in the highest q2 and lowest E⇤

` bins, and (c) decay time projection in the highest
q2 and lowest E⇤

` bins.

criteria the average candidate multiplicity is 1.09 (1.03)
for charged (neutral) signal B final states. Only a single
candidate is retained with criteria depending on the
decay mode or daughter kinematics for D

⇤ 0 candidates.
For D

⇤ + a candidate is chosen at random. At this stage
about 2% of all retained events are reconstructed in both
⌧

� ! ⇡
�

⌫⌧ and ⌧
� ! ⇢

�
⌫ final states. Based on the

expectation from MC, such candidates are reconstructed
in the ⌧

� ! ⇢
�

⌫ channel. To measure R(D⇤) and
P⌧ (D⇤) a simultaneous fit of both final states is carried
out exploiting the discriminatory power of EECL and by
separating the sample into events with cos ✓h > 0 and
cos ✓h < 0. Figure ?? shows the post-fit distribution for
neutral signal final states. The free parameters of the fit
are correctly reconstructed signal, signal-cross feed (i.e.
signal events which were reconstructed in the wrong
category), other cross feed from three-prong or other
⌧ decay modes, semileptonic B ! D

⇤
`⌫̄` background,

semileptonic B ! D
⇤⇤

`⌫̄` and other backgrounds,
continuum, and fake D

⇤ candidates. The determined
signal yields are then converted into measurements of
R(D⇤) and P⌧ (D⇤)

R(D⇤) =
1

B(⌧� ! h�⌫⌧ )
⇥ ✏norm

✏sig
⇥ Nsig

Nnorm

, (51)

P⌧ (D⇤) =
2

↵

N
cos ✓h>0

sig
� N

cos ✓h<0

sig

N
cos ✓h>0

sig
+ N

cos ✓h<0

sig

, (52)

with ↵ a factor accounting for the sensitivity on the po-
larization and e�ciency di↵erences of both channels. The
obtained values are

R(D⇤) = 0.270 ± 0.035(stat)+0.028

�0.025
(syst) , (53)

P⌧ (D⇤) = �0.38 ± 0.51(stat)+0.21

�0.16
(syst) , (54)

both in good agreement with the SM expectations. Fig-
ure ?? shows a summary of the measured value compat-
ibility with the SM. The largest systematic uncertainty
on both measurements are from the composition of the
hadronic B meson background and limited MC statistics
for the fit PDFs. In Table ?? a summary of the largest
uncertainties can be found.

Table XIII Relative uncertainties in percent for Belle’s
hadronic tag measurement of R(D⇤) and P⌧ (Hirose et al.,
2016, 2018).

Result Contribution Uncertainty [%]

R(D⇤)

B ! D⇤⇤`⌫̄` 2.4

PDF modeling 3.4

Other bkg. 8.4

✏sig/✏norm 3.2

Total systematic 9.9

Total statistical 12.9

Total 16.3

P⌧

B ! D⇤⇤`⌫̄` nil

PDF modeling 33

Other bkg. 31

✏sig/✏norm nil

Total systematic 48

Total statistical 134

Total 143

2. Measurement of the D⇤
polarization with inclusive tagging

and leptonic ⌧ decays

TODO

V. COMBINATION AND INTERPRETATION OF THE
RESULTS [5–7 PAGES]

In this section we plan to provide a new world average
and discuss possible implications with respect to the SM.
In addition, we plan to combine the results of di↵erent
measurement categories (e.g. using the same tagging
method or the same tau-lepton final states) to explore
if there is a tension between the various methods. We
also want to provide a time-dependence plot, i.e. how
the measured values of R(D(⇤)) have evolved over time.
Other topics we may touch on: inclusive saturation,
common experimental systematic uncertainties, New
Physics interpretations, including their impact on the

Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

4

Hopefully will scale with data
LQCD calculation already helps

Primarily data driven

Will come down with more robust fit

Expect a larger 
1-5% floor from 

difficulty of 
measuring FFs

Phys. Rev. Lett. 120, 
121801 (2018) 
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Hadronic* !ℛ(D*+)
Leverages additional vertex when !  is used 

➡ Main background prompt  reduced by 104 with τ flight distance 
➡ Better !  resolution thanks to more precise determination of B momentum

τ− → π−π+π−(π0)ντ
B → D*πππX

q2 and m2
miss

!42

*Actually, the "  decay is semileptonicτ− → π+π−π−ντ

23

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

Figure 14 Topology of the signal decay. A requirement on
the distance between the 3⇡ and the B0 vertices along the
beam direction to be greater than four times its uncertainty
is applied.

2. Measurement of R(D⇤) with ⌧�
! ⇡�⇡+⇡�⌫⌧

This section covers LHCb’s measurement of R(D⇤) us-
ing the ⌧ hadronic decay to 3⇡ (Aaij et al., 2018b). This
decay is a priori quite interesting to study semitauonic
decays since it is the only practical ⌧ decay channel able
to provide experimental access to the ⌧ decay vertex. It
has a large branching fraction which when aggregated
with the channel 3⇡⇡

0 equates to 13.5%,ie very compa-
rable to the muonic decay channel. Since the final state
in that case does not contain any charged lepton, the
background from “bread and butter” hadronic B decays
is initially very large. However, this background can be
reduced by four orders of magnitude using the fact that,
due to the finite ⌧ lifetime, the 3⇡ vertex will lie down-
stream of the B vertex, in contrast with the typical topol-
ogy where the 3⇡ vertex sits at the B vertex. This dis-
tinctive detached topology is illustrated on Fig. 14. The
remaining background will consists of B decays to double
charm which when one of the charm particles decays to
3⇡ has the same topology. Figure 15 shows the distribu-
tion of the detachment significance �z/�z for the three
event categories. The experimental challenge consists
therefore in the precise measurement of the position of
these vertices. This is ideally done at the LHCb where B
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Figure 15 Distribution of the distance between the B0 ver-
tex and the 3⇡ vertex along the beam direction, divided by
its uncertainty, obtained using simulation. The vertical line
shows the 4� requirement used in the analysis to reject the
prompt background component.

hadrons are produced with a large boost, around 40, lead-
ing to extremely clean separation of the secondary from
primary vertex, and of the tertiary vertex from secondary
vertex. The primary vertex reconstruction is based on
the reconstruction of about 100 tracks from the p-p inter-
action and its locations is therefore known to an excellent
precision around 10 µC. The 3⇡ vertex of a ⌧ decay is
known to about 150 µC along the z-direction, and the B
vertex, defined as the intersection of the D

⇤ and ⇡ line of
flight to a similar precision. The key variable ,�z/⌃�z,
provides therefore an extremely clean separation between
the majority of the B decays where the 3⇡ tracks are
produced at the B vertex (called prompt 3⇡ events here-
after), and those coming from double charm of ⌧ decays
where the ⇡ are detached from the beam (Fig. ??). In
order to obtain the maximum rejection against prompt
3⇡ events, it is necessary to reject the various sources
that can fake a detached 3 ⇡ vertex: presence of a un-
correlated vertex in the beam pipe due to beam gas or
di↵ractive event, or in the beam pipe or at larger ra-
dius due to interaction in the material, events where the
D

⇤ and the three-⇡ system are attached to two di↵er-
ent primary vertices. To reject fake detached vertices,
where the D

⇤ and the 3⇡ come from the two di↵erent
B-hadrons present in the event, strict charge isolation is
required and candidates are kept only if there is only one
candidate per event. In addition, it is required that the
D

⇤ 3⇡ system points back to its primary vertex within
20 mrad.

After these selection requirements, the resulting 3⇡

mass spectrum (Fig.16 exhibits some distinctive features,
a very clean D

+

s
peak , a smaller D

+ signal, a very small
tail above the D

+

s
mass indicating the small level of com-

binatoric events, and a significant drop above 1.4 GeV/c
2,

due to the end of phase space for the decays D! K3⇡,
which can be used to control the D

0 and D
+ compo-

nents. The number of candidates coming from D
+

s
de-

]2c) [MeV/+π−π+π(m
500 1000 1500 2000

)2 c
C

an
di

da
te

s /
 (1

0 
M

eV
/

0

200

400

600

800

1000
LHCb +

sD

+D

Figure 16 Distribution of the 3⇡ mass for candidates after
the detached-vertex requirement. D+ and D+

s mass peaks
are indicated.

cays is about 30 times larger than the observed exclu-
sive decays of D

+

s
in exactly 3⇡. D

+

s
decays proceed

mainly to ⌘, ⌘
0,! and � mesons, as spectators and a ⇡, a

⇢ or a a1 at the virtual W vertex. The 3⇡ final state is
therefore very common and represents about 30% of the

double-charm background over the signal after the
detached-vertex requirement. Figure 3 shows the 3π mass
data distribution after the detached-vertex requirement,
where peaking structures corresponding to the Dþ → 3π
decay and Dþ

s → 3π decay—a very important control
channel for this analysis—are clearly visible.

2. Background from other sources

Requirements additional to the detached vertex are
needed to reject spurious background sources with vertex
topologies similar to the signal. The various background
sources are classified to distinguish candidates where the 3π
system originates from a common vertex and those where
one of the three pions originates from a different vertex.
The background category, where the 3π system stems

from a common vertex, is further divided into two different
classes depending on whether or not theD"− and 3π system

originate from the same b hadron. In the first case, the 3π
system either comes from the decay of a τ lepton or a D0,
Dþ, Dþ

s or Λþ
c hadron. Candidates originating from b

baryons form only 2% of this double-charm category.
In this case, the candidate has the correct signal-like vertex
topology. Alternatively, it comes from a misreconstructed
prompt background candidate containing a B0, Bþ, B0

s or
Λ0
b hadron. The detailed composition of these different

categories at the initial and at the final stage of the analysis
is described in Sec. III G. In the second case, the D"− and
the 3π systems are not daughters of the same b hadron. The
3π system originates from one of the following sources:
the other b hadron present in the event (B1B2 category); the
decay of charm hadrons produced at the PV (charm
category); another PV; or an interaction in the beam pipe
or in the detector material.
The 3π background not originating from the same vertex

is dominated by candidates where two pions originate from
the same vertex whilst the third may come directly from the
PV, from a different vertex in the decay chain of the same b
hadron, from the other b hadron produced at the PV, or
from another PV. Due to the combinatorial origin of this
background, there is no strong correlation between the
charge of the 3π system and the D"− charge. This enables
the normalization of the combinatorial background with the
wrong-sign data sample.

3. Summary of the topological selection requirements

The requirements applied to suppress combinatorial and
charm backgrounds, in addition to the detached-vertex
criterion, are reported in Table I. These include a good
track quality and a minimum transverse momentum of
250 MeV=c for each pion, a good vertex reconstruction
quality for the 3π system and large χ2IP with respect to any
PV for each pion of the 3π system and for the D̄0 candidate,
where χ2IP is defined as the difference in the vertex-fit χ

2 of a

FIG. 1. Topology of the signal decay. A requirement on the
distance between the 3π and the B0 vertices along the beam
direction to be greater than four times its uncertainty is applied.
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FIG. 2. Distribution of the distance between the B0 vertex and
the 3π vertex along the beam direction, divided by its uncertainty,
obtained using simulation. The vertical line shows the 4σ
requirement used in the analysis to reject the prompt background
component.
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s mass peaks are
indicated.
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p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.
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FIG. 8. Difference between the reconstructed and true q2

variables divided by the true q2, observed in the B0 →
D"−τþντ simulated signal sample after partial reconstruction.
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~18% FWHM 
and smaller 

tails than RFA

ℛ (D*) =
ℬ (B̄ → D*τντ)
ℬ (B̄ → D*πππ)

×
ℬ (B̄ → D*πππ)
ℬ (B̄ → D*μνμ)

Measure this ratio

&  depends on 
external branching 

fractions

ℛ(D*+)

Phys. Rev. D 97, 
072013 (2018) 
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Hadronic* !  systematicsℛ(D*+)

Similarly to previous 
measurements, many 
systematic uncertainties 
are expected to scale 
down with data 
However, a floor of 
~3-4% is more likely 
due to dependence from 
external branching 
fraction measurements

!43

*Actually, the "  decay is semileptonicτ− → π+π−π−ντ

without. Due to the limited size of the simulation samples
used to build the templates (the need to use templates from
inclusive b -hadron decays requires extremely large sim-
ulation samples), the existence of empty bins in the
templates introduces potential biases in the determination
of the signal yield that must be taken into account. To study
this effect, a method based on the use of kernel density
estimators (KDE) [48] is used. For each simulated sample,
a three-dimensional density function is produced. Each
KDE is then transformed in a three-dimensional template,
where bins that were previously empty may now be filled.
These new templates are used to build a smoothed fit
model. The fit is repeated with different signal yield
hypotheses. The results show that a bias is observed for
low values of the generated signal yield that decreases
when the generated signal yield increases. For the value
found by the nominal fit, a bias ofþ40 decays is found, and
is used to correct the fit result.
The statistical contribution to the total uncertainty is

determined by performing a second fit where the param-
eters governing the templates shapes of the double-charmed
decays, fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X, fðDþ
s XÞs and fv1v2D0 , are fixed

to the values obtained in the first fit. The quadratic
difference between the uncertainties provided by the two
fits is taken as systematic uncertainty due to the knowledge
of the B → D"−Dþ

s X and B → D"−D0X decay models, and
reported in Table VII.

VI. DETERMINATION OF
NORMALIZATION YIELD

Figure 7 shows the D"−3π mass after the selection of
the normalization sample. A clear B0 signal peak is seen.
In order to determine the normalization yield, a fit is

performed in the region between 5150 and 5400 MeV=c2.
The signal component is described by the sum of a
Gaussian function and a Crystal Ball function [49]. An
exponential function is used to describe the background.
The result of the fit is shown in Fig. 19. The yield obtained
is 17808% 143.
The fit is also performed with alternative configurations,

namely with a different fit range or requiring the common
mean value of the signal functions to be the same in the 7
and 8 TeV data samples. The maximum differences
between signal yields in alternative and nominal configu-
rations are 14 and 62 for the 7 and 8 TeV data samples,
respectively, and are used to assign systematic uncertainties
to the normalization yields.
Figure 20 shows the mð3πÞ distribution for candidates

with D"−3π mass between 5200 and 5350 MeV=c2 for the
full data sample. The spectrum is dominated by the
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TABLE VI. Fit results for the three-dimensional fit. The
constraints on the parameters fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X and
fðDþ

s XÞs are applied taking into account their correlations.

Parameter Fit result Constraint

Nsig 1296% 86
fτ→3πν 0.78 0.78 (fixed)
fD""τν 0.11 0.11 (fixed)
Nsv

D0 445% 22 445% 22

fv1v2D0 0.41% 0.22
NDs

6835% 166
fDþ 0.245% 0.020
NB→D"3πX 424% 21 443% 22
fDþ

s
0.494% 0.028 0.467% 0.032

fD"þ
s0

0þ0.010
−0.000 0þ0.042

−0.000
fDþ

s1
0.384% 0.044 0.444% 0.064

fDþ
s X 0.836% 0.077 0.647% 0.107

fðDþ
s XÞs 0.159% 0.034 0.138% 0.040

NB1B2 197 197 (fixed)
NnotD" 243 243 (fixed)
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Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

4

Phys. Rev. D 97, 
072013 (2018) 



SlideManuel Franco Sevilla LHCb upgrades and prospects for charged Lepton Universality Violation

Muonic vs Hadronic τ decay
Run 1 measurements show key features of future LHCb LUV possibilities 

➡ Dominated by systematics, but will scale with data for the most part

!44
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FWHM and 

long tail

Muonic decays of τ 
allow for precise 

determinations of 
  at higher stats𝓡(Xc)

Systematics floor probably 0.5-3% Systematics floor 1-5% due to FFs

Table 7: Relative uncertainties in percent for the muonic R(J/ ) measurement by LHCb.

Contribution Uncert. [%]

Signal/norm. FFs 17.0

Simulated sample size 11.3

Fit model 11.2

Misidentified µ bkg. 7.9

Partial Bc bkg. 6.9

Combinatorial bkg. 6.5

✏sig/✏norm 0.9

Total systematic 25.4

Total statistical 23.9

Total 34.9

Table 8: Relative uncertainties in percent for the hadronic R(D⇤) measurement by LHCb.

Contribution Uncert. [%]

DD bkg. 5.4

Simulated sample size 4.9

MC/data correction 3.7

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.7

Trigger 1.6

PID 1.3

Signal/norm. FFs 1.2

Combinatorial bkg. 0.7

⌧ decay 0.4

Total systematic 9.0

B(B ! D⇤⇡⇡⇡) 3.9

B(B ! D⇤µ⌫) 2.0

B(⌧+ ! 3⇡⌫)/B(⌧+ ! 3⇡⇡0⌫) 0.7

Total external 4.4

Total statistical 6.5

Total 12.0

Muonic R(D⇤+) Uncert. [%]

Total systematic 8.9

Total statistical 8.0

Total 12.0

Muonic R(J/ ) Uncert. [%]

Total systematic 25.4

Total statistical 23.9

Total 34.9

Hadronic R(D⇤+) Uncert. [%]

Total systematic 9.0

Total external 4.4

Total statistical 6.5

Total 12.0
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p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.

true
2q)/

true
2q−

reco
2q(

-1 -0.5 0 0.5 1

ar
bi

tr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
LHCb simulation

FIG. 8. Difference between the reconstructed and true q2

variables divided by the true q2, observed in the B0 →
D"−τþντ simulated signal sample after partial reconstruction.

]2c) [MeV/N+π−π+π(m

1000 2000 3000

)2 c
C

an
di

da
te

s 
/ (

52
 M

eV
/

0

100

200

300

400

500

600

700

800

900
LHCb

FIG. 9. Distribution of the reconstructed 3πN mass observed in
a data sample enriched by B → D"−Dþ

s ðXÞ candidates.

R. AAIJ et al. PHYS. REV. D 97, 072013 (2018)

072013-8

~18% 
FWHM and 
smaller tails 
than RFA

  precision with 
hadronic decays of τ  

may be limited by 
external measurements

ℛ(Xc)

But may allow 
for better 

measurements 
of kinematic 
distributions

Systematics floor 3-4% due to BFext

Phys. Rev. D 97, 072013 (2018) 

Note that the majority of the uncertainty 
does not scale with central value
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Upcoming Run 1-2 measurements
Analyses at an advanced stage 

➡ Run 1 muonic !  

➡ Hadronic !  

Analyses in early to very early stages primarily using Run 2 
➡ Run 2 muonic ! , muonic !  

➡ Run 2 hadronic ! , hadronic ! , hadronic !  

➡ Muonic !  

➡ Hadronic !  polarization of D* and τ  
➡ Muonic !  angular distributions 

➡ !  

➡ Muonic ! , hadronic !  

➡ Run 2 muonic ! , hadronic !  

➡ Muonic ! , hadronic !

ℛ(D0) − ℛ(D*)
ℛ(D**)

ℛ(D0) − ℛ(D*) ℛ(D+) − ℛ(D*+)
ℛ(D*+) ℛ(D0) − ℛ(D*) ℛ(D+) − ℛ(D*+)

ℛ(pp̄)
B → D*+τν

B → D*+τν
ℛ(D*+)light

ℛ(Ds) − ℛ(D*s ) ℛ(Ds) − ℛ(D*s )
ℛ(J/Ψ) ℛ(J/Ψ)

ℛ(Λc) ℛ(Λc)

!45

Some of these may take 
several years, but aim to 

cover as many 
observables as possible

B0, B+

B0
s

B+
c

Λ0
b
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Assumptions on evolution of !ℛ(Xc)

Extrapolate !  based on Run 1 muonic !  assuming  
➡ 2× more stats starting in Run 1 from adding !  
➡ 3× more stats starting in Run 2 from better HLT (1.5×) and cross section (2×) 
➡ 2× more stats starting in Run 3 from no hardware trigger 
➡ Systematics scale with data but floor of 0.5% (optimistic) and 3% (pessimistic) 

Extrapolate !  based on Run 1 muonic !   
➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) 

Estimate the other species based on !  extrapolation and 
➡ 1/4× stats for !  from smaller BF and no feed-down 

➡ 1/16× stats for !  from !  and extra track (1/2×) 

➡ 1/6× stats for  from  ~ 1/4, extra track (1/2×), and larger Λc BF 

➡ 1/20× stats for !  from !  ~ 1/4, two slow pions and lower BF 

➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) but for !  same as !

𝓡(D*) ℛ(D*+)
𝓡(D*0)

𝓡(J/Ψ) ℛ(J/Ψ)

ℛ(D*)
𝓡(D)

𝓡(D(*)
s ) fs/( fu + fd)

𝓡(Λc) fΛb
/( fu + fd)

𝓡(Λ*c ) fΛb
/( fu + fd)

ℛ(D) ℛ(D*)

!46

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

1.1 2.0 - - 0.3 1.7 1.7 2.2 - - - 8.3 8.3 8.3 - - - 8.3 8.3 8.3 - 50 50 50 - 50 50 fb-1

Rough assumptions 
based on BFs and 

fragmentation fractions and 
building on work from 

Patrick Owen

https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic
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Prospects for !ℛ(Xc)
Enormous improvement from Upgrade I (Runs 3+4) 

➡ 50 fb-1 plus factor of two from no hardware trigger 

After Upgrade II (Runs 5+6) it depends on systematics scenario 
➡ Significant gains for ! , ! , and !  if we can control FF systematics𝓡(J/Ψ) 𝓡(D(*)

s ) 𝓡(Λ*c )

!47

LHCb  
unofficial

Pessimistic 
systematics scenario

Optimistic 
systematics scenario

LHCb  
unofficial Upgrade IIUpgrade I

Upgrade II

Upgrade I
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Measuring distributions
Upgrades give access kinematic distributions sensitive to NP  
➡ Instrumental in characterizing any anomaly 
➡ Unique sensitivity to  ,  , and !  (see following talk by A. Datta)Bs → D(*)

s τν Bc → J/Ψτν Λb → Λcτν

!48

18 CHAPTER 2. THEORY OF B → D(∗)τ− ντ DECAYS
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Figure 2.5: q2 spectrum for a) B → Dτ− ντ and b) B → D∗τ− ντ decays. The symbol tβ/mH refers
to tanβ/mH± . The area of all curves is normalized to unity.

Table 2.1: Comparison of R(D(∗)) and the average q2
〈
q2
〉
for different values of tanβ/mH± .

B → Dτ− ντ B → D∗τ− ντ

tanβ/mH± (GeV− 1 ) 0.0 0.3 0.5 1.0 0.0 0.3 0.5 1.0

R(D(∗)) 0.297 0.135 0.547 13.512 0.252 0.236 0.235 0.617

< q2 > (GeV2) 7.43 7.03 8.64 8.68 7.59 7.68 7.71 7.43

(which used SM assumptions). The impact of a charged Higgs is larger on R(D) than on R(D∗)

because B → D∗τ− ντ decays receive contributions from H±(q2), which dilute the NP contribution

affecting only H2HDM
s (q2).

This figure also illustrates the negative interference between the virtual W and H± (Eq. 2.37).

The values of R(D(∗)) decrease until the H± contribution to H2HDM
s equals the SM contribution,

which happens at tanβ/mH± ∼0.31GeV− 1 for B → Dτ− ντ decays and at tanβ/mH± ∼0.42GeV− 1

for B → D∗τ− ντ decays. For large tanβ/mH± , the Higgs contribution completely dominates and

R(D) and R(D∗) increase rapidly.

Figure 2.5 shows the impact of the 2HDM on the q2 spectrum. Given that the B and D mesons

have spin 0, the SM decays B → DW ∗ must proceed via S-wave when the spin of the W ∗ is 0 and

via P -wave when the spin is 1. The P -wave adds an additional factor of |p∗
D|2 to the decay rate,

which shifts the q2 spectrum to lower values.

Since the charged Higgs has spin 0, its contribution always proceeds via S-wave, and, thus, has

a larger average q2 than the SM contribution. As a result, for low values of tanβ/mH± where the

negative interference causes H2HDM
s to be smaller than HSM

s , the q2 spectrum shifts to lower values

(see the curve for tanβ/mH± = 0.3GeV− 1 in Fig. 2.5). For large values of tanβ/mH± , the Higgs

2.2. TWO-HIGGS-DOUBLET MODEL OF TYPE II 19
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Figure 2.6: cosθτ spectrum integrated over q2 for a) B → Dτ−ντ and b) B → D∗τ−ντ decays. The
symbol tβ/mH refers to tanβ/mH± . The area of all curves is normalized to unity.

contribution dominates the decay rate increasing the average q2 (Table 2.1).

In contrast, the SM decays B → D∗W ∗ can proceed via S, P , or D-waves because the D∗

meson has spin 1. The 2HDM decay B → D∗H±, on the other hand, must proceed via P -wave,

with the additional factor of |p∗
D∗ |2 in the decay rate and, thus, lower q2 spectrum (see the curve

for tanβ/mH± = 1.0GeV−1 in Fig. 2.5). These changes in the q2 spectrum will have a significant

impact in our measurements when scanning the 2HDM, due to the close relation between q2 and

m2
miss, one of our fit variables.

Figure 2.6 shows the impact of the 2HDM on the cos θτ spectrum. For large values of tanβ/mH± ,

the Higgs contribution dominates and H2HDM
s ≫ H±,0. Since the term in Hs of Eq. 2.11 does not

depend on cos θτ , the cos θτ spectrum tends to become flat as tanβ/mH± increases.

This variable is not experimentally accessible, but there is a related issue that will somewhat

impact our measurement of 2HDM contributions. Since anti-neutrinos have positive helicity and the

Higgs boson has spin zero, the 2HDM decays H− → τ−ντ always produce τ− leptons with positive

helicity. This is reflected in the leptonic currents or Eq. 2.8, where L−
s = 0. As a result, the τ−

helicity goes from 30% positive in the SM, to 100% positive when the Higgs contributions dominate.

This change in the τ− polarization affects the momentum spectrum of the secondary lepton ℓ− from

the decay τ− → ℓ−ντνℓ.

The spectrum of polarized τ± → ℓ±νℓντ decays is described in the τ± frame by [30]

dΓ(τ± → ℓ±νℓντ )

dxd cosθ
=

G2
Fm

5
τ

3×26π3
x2 [3−2x ± cos θ(2x−1)] . (2.43)

Here, the mass of ℓ± is neglected, x = Eℓ
Emax

= 2p∗∗
ℓ

mτ
, p∗∗ℓ is the ℓ± momentum in the τ± frame, and

θ is the angle between the momentum of ℓ± and the τ± polarization. For τ− leptons with negative

p⃗Y ¼ p⃗D"− þ p⃗τ; EY ¼ ED"− þEτ; ð8Þ

where p⃗D"− and p⃗τ are the three-momenta of the D"− and
the τ candidates, and ED"− and Eτ their energies. Using this
method, the rest frame variables q2 ≡ ðpB0 − pD"−Þ2 ¼
ðpτ þ pντÞ

2 and the τ decay time, tτ, are determined with
sufficient accuracy to retain their discriminating power
against double-charm backgrounds, as discussed in Sec. V.
Figure 8 shows the difference between the reconstructed
and the true value of q2 divided by the true q2 on simulated
events. No significant bias is observed and an average
resolution of 1.2 GeV2=c4 is obtained. The relative q2

resolution is 18% full-width half-maximum. The slight
asymmetry is due to the presence at low q2 of a tail of
reconstructed q2 below the kinematical limit for true q2.

2. Reconstruction assuming a double-charm
origin for the candidate

A full kinematic reconstruction of the B decay chain
specifically adapted to two-body double-charm B decays
provides additional discrimination. After the detached-
vertex requirement, the main source of background candi-
dates is attributed to decays of the form B → D"−Dþ

s ðXÞ,
with Dþ

s → 3πN, N being a system of unreconstructed
neutral particles. For these decays, the missing information
is due to a neutral system of unknown mass originating
from the Dþ

s decay vertex, i.e. four unknowns. The
measurements of the B0 and Dþ

s lines of flight, providing
four constraints, together with the known B0 mass, are
sufficient to reconstruct the full decay kinematics

jp⃗BjûB ¼ jp⃗Dþ
s
jûDþ

s
þ p⃗D"− : ð9Þ

This equation assumes the absence of any other particles in
the B decay. It is however also valid when an additional
particle is aligned with the Dþ

s momentum direction, as in
the case of B0 → D"− D"þ

s , where the soft photon emitted
in theD"þ

s decay has a very low momentum in the direction
transverse to that of the Dþ

s momentum. It is also a good

approximation for quasi-two-body B0 decays to D"− and
higher excitations of the Dþ

s meson. This equation can be
solved with two mathematically equivalent ways, through a
vectorial or scalar product methods, noted v and s respec-
tively. This equivalence does not hold in the presence of
extra particles. This difference is used to provide some
further discrimination between signal and nonisolated
backgrounds. The magnitudes of the momenta obtained
for each method are:

PB;v ¼
jp⃗D"− × ûDþ

s
j

jûB × ûDþ
s
j
; ð10aÞ

PB;s ¼
p⃗D"− · ûB − ðp⃗D"− · ûDþ

s
ÞðûB · ûDþ

s
Þ

1 − ðûB · ûDþ
s
Þ2

; ð10bÞ

for the B0 momentum, and

PDs;v ¼
jp⃗D"− × ûBj
jûDþ

s
× ûBj

; ð11aÞ

PDs;s ¼
ðp⃗D"− · ûBÞðûB · ûDþ

s
Þ − p⃗D"− · ûDþ

s

1 − ðûB · ûDþ
s
Þ2

; ð11bÞ

for the Dþ
s momentum.

Since this partial reconstruction works without imposing
a mass to the 3πN system, the reconstructed 3πN mass
can be used as a discriminating variable. Figure 9 shows
the 3πN mass distribution obtained on a sample enriched in
B → D"−Dþ

s ðXÞ decays, withDþ
s → 3πN, by means of the

output of the MVA (see Sec. III F). A peaking structure
originating fromDþ

s andD"þ
s decays is also present around

2000 MeV=c2. Due to the presence of two neutrinos at
different vertices, signal decays are not handled as well by
this partial reconstruction method, which therefore provides
a useful discrimination between signal and background due
to B → D"−Dþ

s ðXÞ decays. However, this method cannot
discriminate the signal from double-charmbackgrounds due
to B → D"−D0ðXÞ and B → D"−DþðXÞ decays, where two
kaons are missing at the B0 and 3π vertices.
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Figure 5.4: Angular resolution for simulated B! D⇤µ⌫ (black) and B! D⇤⌧⌫ (red) decays,
with ⌧+ ! µ+⌫⌫. This demonstrates our ability to resolve the full angular distribution, with
some level of statistical dilution.

5.3.2 Prospects with other b hadrons

As measurements in R(D⇤) become more statistically precise, it will become increasingly more
important to provide supplementary measurements in other b-hadron species with di↵erent
background structure and di↵erent sources of systematic uncertainties. For example, the
B0

s ! D+
s ⌧�⌫ and B0

s ! D⇤+
s ⌧�⌫ decays will allow supplementary measurements at high yields,

and do not su↵er as badly from cross-feed backgrounds from other mesons, unlike, for example,
B0 ! D⇤+⌧�⌫, where the B+ and B0

s both contribute to the D⇤+µX or D⇤+⇡�⇡+⇡�X final
states. Furthermore, the comparison of decays with di↵erent spins of the b and c hadrons can
enhance the sensitivity to di↵erent NP scenarios [208,219]. No published measurements exist for
the B0

s case yet, but based on known relative e�ciencies and assuming the statistical power of
this mode tracks R(D(⇤)), we expect less than 6% relative uncertainty after Run 3, and 2.5%
with the Upgrade II data, where limiting systematic uncertainties are currently expected to
arise from corrections to simulated pointing and vertex resolutions, from knowledge of particle
identification e�ciencies, and from knowledge of the backgrounds from random combinations
of charm and muons. It is conceivable that new techniques and control samples could further
increase the precision of these measurements.

Methods are currently under development for separating the B0
s ! D⇤+

s `�⌫ and B0
s ! D+

s `�⌫
modes, and given the relative slow pion (D⇤+ ! D0⇡+) and soft photon (D⇤+

s ! D+
s �) e�ciencies,

the precision in B0
s ! D+

s ⌧⌫ decays can be expected to exceed that in B0
s ! D⇤+

s ⌧⌫, the reverse
of the situation for R(D(⇤)). An upgraded ECAL would extend the breadth and sensitivity of

R(D⇤(⇤)+

s ) measurements possible in the Upgrade II scenario above and beyond the possible
benefits of improved neutral isolation in R(D) or R(D+

s ) measurements.
Of particular interest are the semitauonic decays of b baryons and of B+

c mesons. The

49

"B → D*τν

"B → D*τν

"B → Dτν

"B → Dτν

"  
"
B → D*ℓν
B → D*τν

τ− → π−π+π−νττ− → μ−ντ ν̄μ

τ− → μ−ντ ν̄μ

The hadronic reconstruction 
of the τ provides higher 

sensitivity, but the muonic 
reconstruction can also 

contribute

Impact of 2HDM on q2 and θτ = π - θL LHCb resolution on q2 and θL
MFS "Evidence for an excess of 

 decays" Dissertation, 
Stanford University (2012) 
B → D*+τν
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Challenges of measuring distributions at LHCb

Larger backgrounds and lack of full event reconstruction 
make distributions challenging 

➡ Upgrade 2 samples may allow for techniques such as !  tagging 

Run 1 hadronic measurement already shows some 
sensitivity to q2 distribution

B*s2 → B+K−
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APPENDIX: SYSTEMATIC UNCERTAINTIES
ON THE q2 SPECTRA

To assess the systematic uncertainty on the measured q2

distributions of !B ! Dð"Þ!$ !"! decays, we examine their
sensitivity to the estimated contributions from background
and normalization events. The q2 distributions of signal

and the various backgrounds are presented in Fig. 25 (left).
There is good agreement between the data and the
background contributions as derived from the isospin-
constrained fit. To further examine the shape of the fixed
contributions from B !B and continuum background, we
show two comparisons with data control samples: one for
medium values of Eextra in the mES peak regions without
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.
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In the standard model, these B decays are mediated by a virtual charged 
vector boson, a particle of spin 1, usually referred to as the W− (as indi-
cated in the diagram in Fig. 1), which couples equally to all leptons. If a 
hitherto unknown virtual particle existed that interacted differently with 
leptons of higher mass such as the τ, this could change the B decay rates 
and their kinematics.

Among the simplest explanations for the observed rate increases for 
decays involving τ− would be the existence of a new vector boson, W′−, 

similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
at the LHC collider at CERN, as well as by precision measurements of  
µ (ref. 42) and τ (ref. 43) decays.

Another potentially interesting candidate would be a new type of Higgs 
boson, a particle of spin 0, similar to the recently discovered neutral 
Higgs44,45, but electrically charged. This charged Higgs (H−) was pro-
posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.

Another feasible solution might be leptoquarks48, hypothetical parti-
cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
tions of final state particles. The q2 spectrum26,32 and the momentum 
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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and their kinematics.
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similar to the standard model W− boson, but with a greater mass, and 
with couplings of varying strengths to different leptons and quarks. This 
could lead to changes in RD and ∗RD , but not in the kinematics of the 
decays, which are observed to be consistent with the standard model. 
However, this choice is constrained by searches for ′ →−W tb decays40,41 
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µ (ref. 42) and τ (ref. 43) decays.
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boson, a particle of spin 0, similar to the recently discovered neutral 
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posed in minimal extensions of the standard model46, which are part of 
broader theoretical frameworks such as supersymmetry47. The H− would 
mediate weak decays, similar to the W− (as indicated in Fig. 1), but couple 
differently to leptons of different mass. The q2 and angular distributions 
would be affected by this kind of mediator because of its different spin.
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cles with both electric and colour (strong) charges that allow transitions 
from quarks to leptons and vice versa, and offer a unified description of 
three generations of quarks and leptons. Among the ten different types 
of leptoquarks, six could contribute to B → D(*)τν decays49. A diagram 
of a spin-0 state mediating quark-lepton transitions is shown in Fig. 7 for 
the B decay modes under study.

The BaBar and Belle collaborations have studied the implications of 
these hypothetical particles in the context of specific models26,32. The 
measured values of RD and ∗RD  do not support the simplest of the two-
Higgs doublet models (type II), however, more general Higgs models with 
appropriate parameter choices can accommodate these values50–52. Some 
of the leptoquark models could also explain the measured values of RD 
and ∗RD  (refs 53–55), evading constraints from direct searches of lep-
toquarks in ep collisions56 at HERA57,58 and pp collisions at LHC59,60.

The three-body kinematics of B → D(*)τντ decays should permit further 
discrimination of new-physics scenarios based on the decay distribu-
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Figure 5  | Extraction of the ratios RD and ∗RD  by maximum likelihood 
fits. Shown are comparisons of the projections of the measured mmiss

2  and 
∗Eℓ  distributions (data points with statistical errors) and the fitted 

distributions of signal and background contributions (coloured areas; see 
keys in d and g) for the fit by the BaBar collaboration26 to the Dℓ samples 
(a–c) and to the ∗D ℓ samples (d–f), as well the fit by the LHCb 
collaboration34 to the ∗+D ℓ sample (g–i). The Dℓ samples in a–c show 
sizeable contributions from ν→ ∗+ −B D ℓ ℓ0  and τ ν→ τ

∗+ −B D0  decays, 
because the low-energy pion or photon originating from a D* → Dπ or 

D* → Dγ decay was undetected. The BaBar data exclude q2 < 4 GeV2, 
where the contributions from signal decays is very small. The ∗Eℓ  
distributions in c and f are signal enhanced by the restriction 
mmiss

2  > 1GeV2. The LHCb results are presented for two different q2 
intervals: the lowest, which is free of τ ν→ τ

∗+ −B D0  decays (g); and the 
highest, where this contribution is large (h, i). Panels a–f adapted from  
ref. 26, American Physical Society; panels g–i adapted from ref. 34, 
American Physical Society.
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Figure 6  | RD and ∗RD  measurements. Results from the BaBar26, 
Belle32,33 and LHCb34 collaborations, showing their measured values and 
1σ contours. The average calculated by the Heavy Flavor Averaging 
Group39 (taking into account the statistical and systematic uncertainties 
and their correlations) is compared to standard model predictions17–19.  
ST and HT refer to the measurements with semileptonic and hadronic 
tags, respectively.
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IV.D - Fit of LHCb muonic RD*

A.3 Summed projections for all fits

Projections summed over q2 bins.
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Figure 5: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the signal sample with fit
projections overlaid.
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Figure 6: Distributions of (left) m
2
miss (center) Eµ and (right) q

2 for the D
�+

µ
�
⇡

� control sample
with fit projections overlaid.
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Figure 2: Results of fitting control data enriched in B ! [D1, D
�
2, D

�
1]µ

�
⌫µ (violet). The sample

is selected requiring exactly one track selected by the isolation MVA with opposite charge to the
D

�+ candidate. Shown are projections in (left) m
2
miss and (right) E

�
µ for each bin of q

2.

2

Figure 13 Projections of the maximum likelihood fit to the signal sample for the LHCb muonic measurement of R(D⇤). (Left)
Full q2 projection (Middle) m2

miss projection in the highest q2 bin, and (Right) E⇤
` projection in the highest q2 bin.

ysis is trained to reject events arising from partially re-
constructed B decays. For each additional track in the
event this algorithm evaluates the possibility that the
track originates from the same vertex as the D

⇤+
µ

� can-
didate based on quantities such as the track separation
from the decay vertex and the angle between the track
and the candidate momentum vector. The signal sam-
ple is made up of events where the D

⇤+
µ

� candidate is
found to be isolated from all other tracks in the event.

The isolation BDT is employed to further select three
data control samples: a D

⇤+
µ

�
K

± sample that includes
an additional kaon coming from the D

⇤+
µ

� vertex, as
well as the D

⇤+
µ

�
⇡

� and D
⇤+

µ
�

⇡
�

⇡
+ samples with

an additional pion and pion pair, respectively. The
D

⇤+
µ

�
K

± sample is enriched in decays of the type
B ! D

⇤+
HcX, where Hc is a charmed hadron that de-

cays semileptonically and X refers to unreconstructed
particles, while the samples with additional pions are en-
riched in B ! D

⇤⇤(`�
/⌧

�)⌫ decays. Additional data
control samples based on wrong charge combinations of
the D

⇤+, D
⇤+ decay products, and muon are used to

measure the combinatorial background. The misidenti-
fied muon background is estimated in a D

⇤+
h

± sample
where h

± is a track that fails the muon identification
requirements.

A three-dimensional binned maximum likelihood fit to
the q

2, m
2

miss
, and E

⇤
`

variables is performed to deter-
mine the signal, normalization, and background yields
as well as several parameters describing the shapes of
the di↵erent distributions. The momentum of the B me-
son, necessary to calculate the three fit variables, is es-
timated via the rest frame approximation. This proce-
dure first infers the direction of the B meson momentum
from the positions of the primary and the D

⇤+
µ

� ver-
tices, and then estimates the magnitude of this momen-
tum by equating the component parallel to the beam
axis z to that of the D

⇤+
µ

� combination rescaled as
(pB)

z
= (mB/mreco) (preco)z

, where reco refers to the
reconstructed D

⇤+
µ

� system.

The templates for the combinatorial and misidentified
muon backgrounds are taken directly from the data con-

Table IX Relative uncertainties in percent for the muonic
R(D⇤) measurement by LHCb.

Contribution Uncertainty [%]

Simulated sample size 6.0

Misidentified µ bkg. 4.8

Signal/norm. PDFs 2.1

B ! D⇤⇤(`�/⌧�)⌫ bkg. 2.1

DD bkg. 1.5

Combinatorial bkg. 0.9

✏sig/✏norm 2.7

Total systematic 8.9

Total statistical 8.0

Total 12.0

trol samples described above, while the templates for the
B ! D

⇤+
HcX and B ! D

⇤⇤(`�
/⌧

�)⌫ backgrounds are
based on Monte Carlo simulations with corrections ex-
tracted from a fit to the D

⇤+
µ

�
K

± and D
⇤+

µ
�

⇡
� (⇡+)

samples. Figure 12 shows the excellent agreement be-
tween the data and the resulting background model that
is achieved.

The templates for the signal and normalization con-
tributions are parameterized by HQET form factors ex-
tracted from the fit to the signal sample. Figure 13 shows
the fit projection of the q

2 variable in the full range as
well as the m

2

miss
and E

⇤
`

projections in the q
2 bin with

the highest signal-to-background ratio.

As Table IX shows, the limited size of the simulated
samples is the main source of systematic uncertainty in
this analysis, followed by the uncertainty on the back-
ground contributions and B ! D

⇤(`�
/⌧

�)⌫ templates.
The overall systematic uncertainty is slightly larger than
the statistical uncertainty, but this could be reversed in
future analyses with the use of additional computing re-
sources to generate more simulated events. The result
of this measurement is R(D⇤) = 0.336 ± 0.027 (stat) ±
0.030 (syst), in good agreement with the previous mea-
surements by the B factories.

σstat (ℛ(D*)) = 7.1 % σstat (ℛ(D*)) = 8.0 %
BaBar

m2
miss > 1.5 GeV2

No "  cut so 
difficult to compare

mmiss

Phys. Rev. D 88, 072012 (2013) Phys. Rev. Lett. 115, 111803 (2015) 
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Possible sensitivity to angular distributions

Hadronic analyses expected to have good angular sensitivity 
➡ Hill, John, Ke, Poluektov, JHEP 2019, 133 (2019) 1908.04643
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Figure 1: (Top) True (red) and reconstructed (blue) angular distributions from 100,000
generated B0 ! D⇤�⌧+⌫⌧ events. (Bottom) Distributions of reconstructed angular vari-
ables versus true, where darker colours indicate a higher density of events.

the event migration is to reduce the density variation across the phase space, but a bias in
cos ✓L towards more positive values is also evident.

Due to the reconstruction-induced event migration, a parametric fit to the reconstructed
decay angles using Eq. (1.1) cannot be used to measure the IX coefficients. Any attempt
to correct the reconstruction biases leads to a dependence on the model used in the Monte
Carlo from which the correction is derived. Instead, it is demonstrated that the IX co-
efficients can be measured with a binned fit using multidimensional histogram templates,
where the angular degradation and other detector effects are included directly in each of
the twelve templates that describe the signal probability density function (PDF).

Angle Res. µ Res. �

cos ✓D 0.00 0.23
cos ✓L 0.15 0.65

� -0.01 rad 2.24 rad

Table 2: Angular variable resolution mean (µ) and width (�) determined using gen-
erated B0 ! D⇤�⌧+⌫⌧ events. The resolution is defined as aReco � aTrue, where
a 2 {cos ✓D, cos ✓L, �}.
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Figure 9: One-dimensional projections of the Nsig = 8, 000 binned fit, where the solid
points represent the data and the filled histograms represent each fit component. The total
B0 ! D⇤�⌧+⌫⌧ signal, given by the sum of all twelve angular terms, is shown in red.

the 23 and 50 fb�1 scenarios, it is well motivated to continue performing measurements of
this type during Run 4 of the LHC. This is highlighted by the derived value of FL(D⇤)

value, which is found to be 0.446 ± 0.010.

5.2 Fit stability validation

To demonstrate the stability and accuracy of the three fit scenarios, many pseudo-
experiments (“toys”) based on the fits are run. Using the template PDFs and the yields from
the 9, 23, and 50 fb�1 fits, toy datasets are generated where the number of events is inde-
pendently determined in each bin according to Poisson variations of the bin content. The
template fit is applied to each toy dataset, and pull distributions are created for all freely
varying fit parameters. All pull distributions have mean values close to zero and widths
close to unity, as expected for an unbiased fit returning the appropriate uncertainties.

5.3 B-factory scenario

Complementary to LHCb, the Belle II experiment [48, 49] can use an anticipated 50 ab�1

dataset to measure the angular coefficients in B ! D⇤⌧⌫⌧ decays. The bb̄ production cross
section is much lower in e+e� collisions compared to pp, but the well-defined initial state and

– 16 –

combinatorial background at Belle II and LHCb differ, the B backgrounds generated in
Sec. 4 are still the most important. Thus, a data sample is created containing 7000 signal
events with 18.6% purity, where the relative background fractions remain the same as those
used in Sec. 4.

Results for 50 ab�1 of e+e� data (Nsig = 7000): The four-dimensional template fit
to the B-factory sample is performed in ((cos ✓D, cos ✓L, �)Reco, BDT) variable space, where
the decay angles are calculated using the true B meson four-vector to mimic the benefit of
the hadronic tagging. The number of bins in each dimension is chosen in the same manner
as the LHCb scenario fits. The signal fraction is measured to be fsig = 0.195 ± 0.014 (7.0%
relative uncertainty) and is consistent with the input value. The uncertainties on the IX
measurements are compared to the 23 fb�1 LHCb scenario in Fig. 11. Even though the
B-factory signal yield is lower, the overall IX precision is competitive due to the higher
purity and constraint on the initial state from the tagging of the other B decay.
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Figure 11: Comparison of absolute IX coefficient statistical uncertainties in the
Nsig = 40, 000 hadron collider template fit (navy) and the Nsig = 7, 000 B-factory fit (green).
The average uncertainties over all IX coefficients are indicated by the dotted lines.

5.4 Systematic uncertainties

The dominant systematic uncertainty comes from the assumed accuracy of the templates
used to model the background. Measured branching fractions are used to define the con-
tribution from each background decay, so these are varied within their uncertainties to
determine the appropriate uncertainty. Similarly, fixed fractions are used to define the
feed-down contribution, which has not yet been confirmed experimentally and thus a 40%
variation around fD⇤⇤ = 0.11 is used. Smaller variations in the angular coefficient mea-
surements are seen when the number of bins in the weighting procedure is varied from the
default 303 binning. The total systematic uncertainties are found to be small relative to
the statistical uncertainties, even in the highest yield case. The systematic uncertainties
are shown to modestly increase the error bars in Fig. 10.
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A Decay angle definitions

In this work, ✓D is defined as the angle between the direction of the D0 meson and the
direction opposite that of the B0 meson in in the D⇤� meson rest frame. The angle ✓L is
defined as the angle between the direction of the ⌧+ lepton and the direction opposite that
of the B0 meson in in the mediator (W+) rest frame. The angle � is the angle between the
plane containing the ⌧+ and ⌫⌧ and the plane containing the D0 and pion from the D⇤� in
the B0 rest frame. The three decay angles are displayed graphically in Fig. 12. Explicitly,
the decay angles are defined following the definitions in Ref. [32]

cos ✓D =
⇣
p̂(D⇤�)
D0

⌘
·
⇣
p̂(B0)
D⇤�

⌘
=

⇣
p̂(D⇤�)
D0

⌘
·
⇣

� p̂(D⇤�)
B0

⌘
, (A.1)

cos ✓L =
⇣
p̂(W+)
⌧+

⌘
·
⇣
p̂(B0)
W+

⌘
=

⇣
p̂(W+)
⌧+

⌘
·
⇣

� p̂(W+)
B0

⌘
, (A.2)

cos � =
⇣
p̂(B0)
⌧+ ⇥ p̂(B0)

⌫⌧

⌘
·
⇣
p̂(B0)
D0 ⇥ p̂(B0)

⇡�

⌘
(A.3)

where the p̂(Y )
X are unit vectors describing the direction of a particle X in the rest frame of

the system Y . In every case the particle momenta are first boosted to the B0 rest frame.
In this basis, the angular definition for the B̄0 decay is a CP transformation of that for the
B0 decay.

Angular observables à la K⇤µµ

• Reconstruct these three angles using the same momentum

estimates for B and ⌧ that go into q2 e.t.c.

W rest frame
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<latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

✓L
<latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit>

✓D
<latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit>
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Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.
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is measured above the Standard Model (SM) expectation in results from the B-factories [1–
6] and LHCb [7, 8]. The current global averages of experimental results agree with the SM
predictions [9] at only ⇠ 3 standard deviations:

R(D⇤)exp = 0.295 ± 0.014 , R(D)exp = 0.340 ± 0.030 ,

R(D⇤)SM = 0.258 ± 0.005 , R(D)SM = 0.299 ± 0.003 .

In order to further characterise the underlying physics in b ! c⌧⌫⌧ transitions, it is
necessary to study the kinematics of semitauonic B decays in addition to their rates. Many
polarisation and asymmetry observables have been shown to discriminate between the SM
and NP scenarios [10–25]. One such example is the D⇤ longitudinal polarisation fraction,
which has recently been measured to be FD⇤

L = 0.60 ± 0.09 [26]. Several calculations of
the SM expectation exist, which centre around 0.45 [17, 20, 27–30]; this tension constitutes
another potential indication of deviation from the SM.

Complete information on the B0 ! D⇤�⌧+⌫⌧ decay kinematics is ultimately obtained
from the full angular decay rate [30]

d4�

dq2 d(cos ✓D) d(cos ✓L) d�
/ I1c cos2 ✓D + I1s sin2 ✓D

+ [I2c cos2 ✓D + I2s sin2 ✓D] cos 2✓L

+ [I6c cos2 ✓D + I6s sin2 ✓D] cos ✓L

+ [I3 cos 2� + I9 sin 2�] sin2 ✓L sin2 ✓D

+ [I4 cos � + I8 sin �] sin 2✓L sin 2✓D

+ [I5 cos � + I7 sin �] sin ✓L sin 2✓D ,

(1.1)

where the angles (✓D, ✓L, �) parameterise the spin-0 B0 meson decay topology, and are
defined in App. A. This expression involves a sum of twelve independent angular functions,
each of which is multiplied by a coefficient IX (X 2 {1c, 1s, 2c, 2s, 3, 4, 5, 6c, 6s, 7, 8, 9}) that
encapsulates the dependence on the square of the dilepton invariant mass, q2, form factors,
and the fundamental couplings. The angular distribution can reveal the influence of NP
even if R(D⇤) becomes fully compatible with the SM.

Angular analysis is well established in the study of rare dimuon decays such as
B0 ! K⇤0µ+µ� [31, 32]. The principal advantage of the technique is that the coefficients
contain all form factor dependence, so there is no experimental uncertainty due to a choice
of form factor scheme. Combinations of the angular coefficients can also reduce depen-
dence on the form factors in subsequent phenomenological interpretations. The difficulty
that arises in applying angular analysis methods to semitauonic decays is the missing in-
formation due to the lost neutrinos in both the B and ⌧ decays, which strongly sculpts the
angular distribution and makes a parametric fit to data impossible.

In this paper, a novel approach is presented that uses a multidimensional template
fit in the angular basis to measure the IX coefficients in a model-independent manner
without statistical biases. The technique assumes and requires excellent agreement between
data and simulated samples for the construction of the templates, which must describe all
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A Decay angle definitions

In this work, ✓D is defined as the angle between the direction of the D0 meson and the
direction opposite that of the B0 meson in in the D⇤� meson rest frame. The angle ✓L is
defined as the angle between the direction of the ⌧+ lepton and the direction opposite that
of the B0 meson in in the mediator (W+) rest frame. The angle � is the angle between the
plane containing the ⌧+ and ⌫⌧ and the plane containing the D0 and pion from the D⇤� in
the B0 rest frame. The three decay angles are displayed graphically in Fig. 12. Explicitly,
the decay angles are defined following the definitions in Ref. [32]

cos ✓D =
⇣
p̂(D⇤�)
D0

⌘
·
⇣
p̂(B0)
D⇤�

⌘
=

⇣
p̂(D⇤�)
D0

⌘
·
⇣

� p̂(D⇤�)
B0

⌘
, (A.1)

cos ✓L =
⇣
p̂(W+)
⌧+

⌘
·
⇣
p̂(B0)
W+

⌘
=

⇣
p̂(W+)
⌧+

⌘
·
⇣

� p̂(W+)
B0

⌘
, (A.2)

cos � =
⇣
p̂(B0)
⌧+ ⇥ p̂(B0)

⌫⌧

⌘
·
⇣
p̂(B0)
D0 ⇥ p̂(B0)

⇡�

⌘
(A.3)

where the p̂(Y )
X are unit vectors describing the direction of a particle X in the rest frame of

the system Y . In every case the particle momenta are first boosted to the B0 rest frame.
In this basis, the angular definition for the B̄0 decay is a CP transformation of that for the
B0 decay.

Angular observables à la K⇤µµ

• Reconstruct these three angles using the same momentum

estimates for B and ⌧ that go into q2 e.t.c.
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<latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit><latexit sha1_base64="sKlmzb6I9DgbEHKVNdz25suVGh4=">AAACAHicbVDJSgNBEO2JW4zbqAcPXhqDIB7CjAT0GNCDxwhmgSSGnk5N0qRnobtGDMNc/BUvHhTx6md482/sLIgmPih4vFdFVT0vlkKj43xZuaXlldW1/HphY3Nre8fe3avrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGN7wc+417UFpE4S2OYugErB8KX3CGRuraB1d36WlG2wgPmCrQSH3FAsi6dtEpORPQH+LOkyKZodq1P9u9iCcBhMgl07rlOjF2UqZQcAlZoZ1oiBkfsj60DA3NEt1JJw9k9NgoPepHylSIdKL+nkhZoPUo8ExnwHCg572x+J/XStC/6KQijBOEkE8X+YmkGNFxGrQnFHCUI0MYV8LcSvmAKcbRZFYwISy8vEjqZyXXKbk35WKlPIsjTw7JETkhLjknFXJNqqRGOMnIE3khr9aj9Wy9We/T1pw1m9knf2B9fAOu/ZZq</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

⌫̄⌧
<latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit><latexit sha1_base64="sNMUIHnbGBZV9X+zT8yoYpLPPa4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeCF48V7Ac0oUy223bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4Y5vHeDDv7olRwbTzv2yltbe/s7pX3KweHR8cn7ulZWyeZoqxFE5GoboSaCS5Zy3AjWDdVDONIsE40uV/4nSlTmifyycxSFsY4knzIKRor9V03iFDlgczm/TwwaJtb9WreEmST+AWpQoFm3/0KBgnNYiYNFah1z/dSE+aoDKeCzStBplmKdIIj1rNUYsx0mC8vn5MrqwzIMFG2pCFL9fdGjrHWsziykzGasV73FuJ/Xi8zw7sw5zLNDJN09dAwE8QkZBEDGXDFqBEzS5Aqbm8ldIwKqbFhVWwI/vqXN0n7puZ7Nf+xXm3UizjKcAGXcA0+3EIDHqAJLaAwhWd4hTcnd16cd+djNVpyip1z+APn8wdC95QC</latexit>

⌧�
<latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit><latexit sha1_base64="rN3HN/BjLlik365aNbe/PrgqjZc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh4LXjxWsB/QxrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqHicJ9yM6VCIUjKKVOj2k6UN2Me2XK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342v3dKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrPnyUBozlBOLKFMC3srYSOqKUMbUcmG4C2/vEpal1XPrXp3tUq9lsdRhBM4hXPw4ArqcAsNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz8EOY/l</latexit>

D0
<latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit><latexit sha1_base64="jlOLI9ziLSin3MvSzA+jHasa8/s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNBDx4rmLbQxrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4Zua3n1BpnsgHM0kxiOlQ8ogzaqzk3z7m7rRfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1dJ66LuuXXv/rLWuCziKMMJnMI5eHAFDbiDJvjAgMMzvMKbI50X5935WLSWnGLmGP7A+fwBeWSOaA==</latexit>

⇡+
<latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit><latexit sha1_base64="FQ4SLgaO3Y780VYum3HtD/Z4bz4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEIexKQI8BLx4jmAcka5iddJIhs7PDzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXpAQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNEmqGTZYIhLdjqhBwSU2LLcC20ojjSOBrWh8O/NbT6gNT+SDnSgMYzqUfMAZtU5qdRV/zC6nvVLZr/hzkFUS5KQMOeq90le3n7A0RmmZoMZ0Al/ZMKPaciZwWuymBhVlYzrEjqOSxmjCbH7ulJw7pU8GiXYlLZmrvycyGhsziSPXGVM7MsveTPzP66R2cBNmXKrUomSLRYNUEJuQ2e+kzzUyKyaOUKa5u5WwEdWUWZdQ0YUQLL+8SppXlcCvBPfVcq2ax1GAUziDCwjgGmpwB3VoAIMxPMMrvHnKe/HevY9F65qXz5zAH3ifPy3zj2g=</latexit>

✓L
<latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit><latexit sha1_base64="/sRcKmfFv9lhiR4+eeH5SiJc5h0=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tDoNgFe5E0EoCNhYWEUwMJiHsbeaSJXt7x+6cEI78CxsLRWz9N3b+GzfJFZr4YODx3gwz84JECkOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdPEqebY4LGMdStgBqVQ2CBBEluJRhYFEh+C0fXUf3hCbUSs7mmcYDdiAyVCwRlZ6bFDQyTWy24nvXLFq3ozuMvEz0kFctR75a9OP+ZphIq4ZMa0fS+hbsY0CS5xUuqkBhPGR2yAbUsVi9B0s9nFE/fEKn03jLUtRe5M/T2RsciYcRTYzojR0Cx6U/E/r51SeNnNhEpSQsXni8JUuhS70/fdvtDISY4tYVwLe6vLh0wzTjakkg3BX3x5mTTPqr5X9e/OK7WrPI4iHMExnIIPF1CDG6hDAzgoeIZXeHOM8+K8Ox/z1oKTzxzCHzifP73nkO8=</latexit>

✓D
<latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit><latexit sha1_base64="YiXMiYxU1Ep+8sL4ysP9AKv/rJI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6EkKevBYwdZiW8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUhjzv2ymsrK6tbxQ3S1vbO7t75f2DpolTzbHBYxnrVsAMSqGwQYIkthKNLAokPgSj66n/8ITaiFjd0zjBbsQGSoSCM7LSY4eGSKyX3Ux65YpX9WZwl4mfkwrkqPfKX51+zNMIFXHJjGn7XkLdjGkSXOKk1EkNJoyP2ADblioWoelms4sn7olV+m4Ya1uK3Jn6eyJjkTHjKLCdEaOhWfSm4n9eO6XwspsJlaSEis8Xhal0KXan77t9oZGTHFvCuBb2VpcPmWacbEglG4K/+PIyaZ5Vfa/q351Xald5HEU4gmM4BR8uoAa3UIcGcFDwDK/w5hjnxXl3PuatBSefOYQ/cD5/ALG/kOc=</latexit>
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Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.
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Figure 1: (Top) True (red) and reconstructed (blue) angular distributions from 100,000
generated B0 ! D⇤�⌧+⌫⌧ events. (Bottom) Distributions of reconstructed angular vari-
ables versus true, where darker colours indicate a higher density of events.

the event migration is to reduce the density variation across the phase space, but a bias in
cos ✓L towards more positive values is also evident.

Due to the reconstruction-induced event migration, a parametric fit to the reconstructed
decay angles using Eq. (1.1) cannot be used to measure the IX coefficients. Any attempt
to correct the reconstruction biases leads to a dependence on the model used in the Monte
Carlo from which the correction is derived. Instead, it is demonstrated that the IX co-
efficients can be measured with a binned fit using multidimensional histogram templates,
where the angular degradation and other detector effects are included directly in each of
the twelve templates that describe the signal probability density function (PDF).

Angle Res. µ Res. �

cos ✓D 0.00 0.23
cos ✓L 0.15 0.65

� -0.01 rad 2.24 rad

Table 2: Angular variable resolution mean (µ) and width (�) determined using gen-
erated B0 ! D⇤�⌧+⌫⌧ events. The resolution is defined as aReco � aTrue, where
a 2 {cos ✓D, cos ✓L, �}.
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Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

Summary

A program of updates is being carried out  to fully 
exploit the LHC potential for flavor physics  
➡ Remove hardware trigger, improve detector longevity and performance 
➡ Major challenges have been overcome for U1, but schedule challenging 

LHCb has a unique ability to study !  transitions 
➡ ! , ! , ! , ! , !  with muonic analyses 
➡ Important kinematic distributions with hadronic analyses 
➡ Upgrades will allow us to reach 0.5-3% uncertainties 
➡ Challenges ahead 

✦ Will need an order of magnitude more MC than what FastSim can do today 
✦ Important to calculate and measure all FF and control other systematics

b → cτν
ℛ(D(*)) ℛ(D**) ℛ(D(*)

s ) ℛ(J/Ψ) ℛ(Λ(*)
c )

!51

9 fb-1 Goal: 50 fb-1 Goal: 250 fb-1

Upgrade IIUpgrade I

LHCb  
unofficial

Optimistic 
systematics 

scenario
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COVID-19 impact
COVID-19 shut down most activities in March 

➡ Work on documentation, database, procedure optimization 

RF foil installation one of CERN's pilot projects 
➡ Zoom-supervised and completed in May!

!53

Module production resumed over Summer 
➡ Pandemic slows down everything 
➡ On track to meet updated LS2 schedule

No PPE shortage will 
stop the VELO 
production
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First post-COVID-19 modules
Module production 
resumed over the summer 
➡ Improved procedures 

On track to meet updated 
LS2 schedule

!54

& -free module from Nikhef & -free module from Manchester

No PPE shortage will stop the VELO production
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COVID-19 impact and project status
Operations severely impacted by lockdowns set 
up to stop the spread of COVID-19 

➡ Some activities such as design or fw/sw development continued 

Most components delivered 
Ongoing activities 

➡ Hybrid and readout electronics qualification 
➡ Module production and stave assembly 
➡ Cabling, soldering, and mechanics assembly/procurement 

Key challenges 
➡ Inner ASIC and 8-ASIC hybrid designs to be validated 
➡ Manpower at CERN for installation and commissioning 

On track to meet updated LS2 schedule, but no 
contingency!

!55
21st	July	2020	 LHCb	Tuesday	Meeting	 8	

INFN	Milano	@	home	
Testing	electronics	for	burn-in	

INFN	Milano	@	home	
Shipping	hub!	

INFN	Milano	@	home	
Testing	electronics	for	burn-in	

INFN Milano 
home shipping 

hub

Maryland home firmware 
development station 

Key contributions from piano 
stand and breadmaker box
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Sensor+ASIC characterization
Beam test at Fermilab (March 2019) 

Type A unirradiated sensor 
➡ 99.5% efficiency and SN ~ 12 

Type B sensor irradiated to 2x maximum dose 
➡ 94% efficiency and SN ~ 11 

✦ Partly due to readout limitation, most efficiency will be recovered with 
LHCb readout

!56

M. Artuso et al, "First Beam Test of UT Sensors with the 
SALT 3.0 Readout ASIC" (2019) DOI:10.2172/1568842 
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Figure 12: Peak of the Landau fit and e�ciency of the Type A unirradiated UT sensor versus

the applied bias voltage.

middle and charge is shared between the strips.307

Figure 15 shows the e�ciency as a function of the interstrip position. As with the308

collected charge, the e�ciency is seen to be flat versus the interstrip position, indicating309

even when the track points in the middle between the two strips, and charge is shared310

between the two strips, there is little or no loss of e�ciency.311

The studies performed on the type A sensor indicate that it meets the needs of the312

LHCb upgrade. Most of the type A sensors receive very low irradiation, and therefore we313

do not expect a significant degradation in the signal-to-noise performance over the life of314

the sensor. An e�ciency of about 99% is achieved in this beam test. Due to the issue of315

packet loss in MiniDAQ1, we know about 0.5% comes from this source. We therefore find316

that the e�ciency of the Type A sensor in the testbeam is at least 99.5%.317
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Unirradiated sensor

99.5% efficiency

S/N ~ 12

3.3 Results for the the Type B sensor318

Similar studies were performed with the Type B sensor that was irradiated to 6.2⇥1013
319

neq/cm2, which is about twice the maximum expected fluence anticipated for Type B320

sensors in the UT. The threshold for the results presented here is also ADC�6, which321

is the same as for the type A sensor results. The results of the bias scan are shown in322

Fig. 16. It is seen that the e�ciency reaches a plateau of about 94%, while the charge323

collected has a most probable value of about 10.3 ADC.
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Figure 16: Peak of the Landau fit and e�ciency of the Type B UT sensor versus the applied

bias voltage. The sensor was irradiated to twice the maximum expected fluence prior to the

beam test.

324

Figure 17 shows the charge collected in each of the four time bins for the data taken325

at 350 V bias, for DUT clusters matched to charged tracks. The best time bin is time bin326

0, the top left. As before, we see there is one best time bin, one worst time bin, and two327

somewhere in between. For the remaining plots, the focus should be on the results for328

time bin 0.329

Figure 18 shows the Landau fit to the cluster charge distribution with a bias of 350 V.330

The peak of the Landau is at about 10.3 ADC counts, which corresponds to about 9%331

less charge collected by the irradiated Type B sensor compared to the unirradiated Type332

A sensor. This loss of charge collection is expected due to defects in the crystal lattice,333

which lead to charge trapping [11].334

Figure 19 shows the (left) �x distribution and (right) number of strips in the cluster,335

for clusters matched within 0.5 mm of a track (approximately 10 times the strip pitch).336

The UT sensor bias voltage is 350 V. The vertical red lines show the width of a strip.337

Almost all hits are within ±0.5 of the strip pitch, and most hits are single-strip hits.338

Figures 20, 21 and 22 show the average cluster size, average cluster charge and339
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Irradiated sensor (2x nominal)

94% efficiency

S/N ~ 11

clock. However, it can be shown that in the worst case scenario, there is a beam particle133

no further than 3 ns away from the edges labeled FE sampled. Given the pulse shape134

after the shaper in SALT 3.0, a 3 ns o↵set should not reduce the detected signal more135

than a few percent from the optimal value. Because of the repetitive pattern, we can136

categorize the beam particles into four unique time bins (TB) TBi = (n53MHz

clock
) mod(4),137

where n
53MHz

clock
is the number of cycles of the 53 MHz clock, and the mod(4) represents138

modulo 4. In this way, TB0 picks out clocks 0, 4, 8, .., TB1 selects clocks 1, 5, 9, ... and139

so on. We then choose the best time bin as the one which has the largest charge collected.140

All data were taken with the UT sensor plane perpendicular to the direction of the141

beam particles, apart for possible a very small rotation of the UT test box relative to the142

beam. The angular spread of the beam is small, well below 1 mrad.143

2.1 Threshold settings for UT144

The initial setup of the UT system showed that there was a very high level of noise145

in the testbeam environment. Total noise in the system was approximately 7 ADC146

counts. A large number of grounding configurations were tried, and the best performance147

achievable in the limited time available yielded a total noise of about 3.5 ADC counts,148

and a common-mode subtracted noise level of about 1 ADC count. It was also observed149

that the total noise decreases substantially when the UT box was moved away from the150

telescope, leading to the conclusion that the UT was picking up coherent noise from the151

Fermilab telescope hardware. Due to the issues with the MiniDAQ1 discussed above, most152

of the data were taken at a threshold of 6, which corresponds to ADC� 7. Some data was153

taken at a threshold of 5, corresponding to ADC� 6. We emphasize that this threshold154

Type A sensor
at Testbeam

Type A sensor
on bench at SU

Figure 5: Total noise and common-mode subtracted noise for the Type A sensor (left) while in

the FTBF testbeam and (right) after the testbeam on the bench at Syracuse.
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Figure 11: Distributions of collected charge (in ADC counts) for the Type A sensor at 300 V

bias, for the best time bin. See text for details.

clock. It is seen that the average cluster size increases and reaches about 1.1 when the299

track passes through the middle between two strips. This increase is expected, since at the300

middle there is a greater chance for splitting the charge and forming a two-strip cluster.301

When the track hits directly on top of a strip, the average cluster size is very close to 1.302

This narrow region of charge sharing occurs due to the electric field profile and di↵usion303

within the bulk of the silicon4.304

The average charge5 collected versus the interstrip position is shown in Fig. 14. The305

charge collected is seen to be uniform across the strip, even when the track is near the306

4
See Ref. [11], and in particular Figure 15(a), which shows the simulated drift paths of electrons and

holes.
5
Here, for convenience the average charge is shown, and not the peak of the Landau. Since they are

correlated and we are mainly interested in trends, this is not an issue.
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