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Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated
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* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
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! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
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* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor
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R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

Measurements

SM
~ 3.1σ Tension

1. How do we  
measure?

2. Latest  
measurements 
from Belle & LHCb

R(D(⇤),⇡, J/ )

` = e, µ

2

3. Outlook 
for Belle II & LHCb



# 3

Measurement Strategies

R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

` = e, µ

1. Leptonic or 
Hadronic 𝝉 decays?
Some properties (e.g. 𝝉 polarisation) readily 
accessible in hadronic decays.

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to 
separate from normalisation and backgrounds

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
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LHCb: Isolation criteria, displacement of 𝝉, kinematics

B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics

Signal

Normalization
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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3. Semileptonic decays at B-Factories 

Nice Illustration 

from C. Bozzi

Measurement Strategies

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to assign all 
particles to either signal or tag B 

‣ Missing four-momentum (neutrinos) 
can be reconstructed with high precision


✓ Small efficiency (~0.2-0.4%) 
compensated by large integrated 
luminosity 

pmiss = (pbeam � pBtag � pD(⇤) � p`)
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4. Semileptonic decays at LHCb

Semileptonic decays	at	LHCb
• No	constraint	from	beam	energy	at	
an	hadron	machine

• However:	
• Large	Lorentz	boost	

(decay	lengths	~mm)

• Well	separated	decay	vertices
• Momentum	direction	of	decaying	
particle	is	well	known
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Measurement Strategies

‣ No constraint from beam energy at a 
hadron machine, but.. 

‣ Large Lorentz boost with decay 
lengths in the range of mm


✓ Well-separated decay vertices 

✓ Momentum direction of 
decaying particle is well       
known 

‣ With known masses and other decay 
products can even reconstruct four-
momentum transfer squared q2 up 
to a two-fold ambiguity Nice Illustration 


from C. Bozzi

q2 =
�
pXb � pXq

�2
Even bit more complicated 

for leptonic tau decays
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‣ Reconstruct one of the two B-mesons (‘tag’) in 
semileptonic modes → possible to assign 
all particles in detector to tag- & signal-side 

‣ Demand Matching topology + 
unassigned energy in the calorimeter 

 to discriminate background from signal
EECL

6

Latest  from BelleR(D(*))

Nice Illustration 

from C. Bozzi
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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backgrounds.
To improve the resolution of the D⇤-D mass di↵erence,

�M , for the D⇤+ ! D0⇡+ decay mode, the charged pion
track from theD⇤+ is refitted to theD0 decay vertex. We
require �M be within 2.5 MeV/c2 around the nominal
D⇤-D mass di↵erence for the D⇤+ ! D0⇡+ decay mode,
and within 2.0 MeV/c2 for the D⇤+ ! D+⇡0 and D⇤0 !
D0⇡0 decay modes. These windows correspond to ±3.2
and ±2.0 times the resolution, respectively. We require
a tighter mass window in the D⇤ modes containing low-
momentum (“slow”) ⇡0 to suppress a large background
arising from misreconstructed neutral pions.

In each event we require that there be two B candi-
dates of opposite in flavor. While it is possible for sig-
nal events to have the same flavor due to BB̄ mixing,
we do not allow such events as they lead to ambiguous
D⇤` pair assignment and hence to a larger combinatorial
background.

On the signal side, we require cos ✓B,D(⇤)` to be less

than 1.0 and theD(⇤) momentum in the ⌥(4S) rest frame
to be less than 2.0 GeV/c. Finally, we require that events
contain no extra charged tracks, K0

S candidates, or ⇡0

candidates, which are reconstructed with the same crite-
ria as those used for the D candidates.

When multiple Btag or Bsig candidates are found in
an event, we select the Btag candidate with the highest
tagging classifier output, and the Bsig candidate with the
highest p-value resulting from theD orD⇤ vertex fit. The
e�ciencies of the best candidate selection algorithm are
95%, 93%, 88%, and 86% for the D+`�, D0`�, D⇤+`�

and D⇤0`� samples, respectively.

IV. SIGNAL EXTRACTION

To distinguish signal and normalization events from
background processes, we use the sum of the energies
of neutral clusters detected in the ECL that are not as-
sociated with reconstructed particles, denoted as EECL.
To mitigate the e↵ects of photons related to beam back-
ground, for the EECL calculation we include only clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions [18]. Signal and normalization events peak
near zero in EECL, while background events populate a
wider range as shown in Figure 1. We require that EECL

be less than 1.2 GeV.
To separate reconstructed signal and normalization

events, we employ a BDT based on the XGBoost pack-
age [28]. The input variables to the BDT are cos ✓B,D(⇤)`;
the approximate missing mass squared m2

miss = (Ebeam�
ED(⇤) � E`)2 � (pD(⇤) + p`)2; the visible energy Evis =P

i Ei, where (Ei,pi) is the four-momentum of particle
i. The BDT classifier is trained for each of the four
D(⇤)` samples using MC events of signal and normaliza-
tion modes. We do not apply any selection on the BDT
classifier output, denoted as class; instead we use it as

one of the fitting variables for the extraction of R(D(⇤)).
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FIG. 1. EECL distributions for the signal, normalization, and
background taken from MC simulation. The distributions for
all decay modes are summed together and normalized to unity.

We extract the yields of signal and normalization
modes from a two-dimensional (2D) extended maximum-
likelihood fit to the variables class and EECL. The fit
is performed simultaneously to the four D(⇤)` samples.
The distribution of each sample is described as the sum
of several components: D(⇤)⌧⌫, D(⇤)`⌫, feed-down from
D⇤`(⌧)⌫ to D`(⌧)⌫, D⇤⇤`/⌧⌫, and other backgrounds.
The PDFs of these components are determined from MC
simulations. A large fraction of B ! D⇤`⌫ decays for
both B0 and B+ is reconstructed in theD` samples (feed-
down). We leave these two contributions free in the fit
and use their fitted yields to estimate the feed-down rate
ofB ! D⇤⌧⌫ decays. As the probability ofB ! D(`/⌧)⌫
decays contributing to the D⇤` samples is small, the rate
of this contribution is fixed to its expected value.
The free parameters in the final fit are the yields of

signal, normalization, B ! D⇤⇤`⌫` and feed-down from
D⇤` to D` components. The yield of fake D(⇤) events
is fixed to the value estimated from the �M sidebands.
The yields of other backgrounds are fixed to their MC
expected values. The ratios R(D(⇤)) are given by the
formula:

R(D(⇤)) =
1

2B(⌧� ! `�⌫̄`⌫⌧ )
· "norm

"sig
· Nsig

Nnorm
, (3)

where "sig(norm) andNsig(norm) are the detection e�ciency
and yields of signal (normalization) modes and B(⌧� !
`�⌫̄`⌫⌧ ) is the average of the world averages for ` = e and
` = µ.
To improve the accuracy of the MC simulation, we

apply a series of correction factors determined from con-
trol sample measurements. The lepton identification e�-
ciencies are separately corrected for electrons and muons
to account for di↵erences between data and simulations
in the detector responses. Correction factors for these
e�ciencies are evaluated as a functions of the lepton
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‣ Use kinematic properties to separate  signal from 
 normalization 


‣ Construct BDT with 3 variables: , , 

B → D(*)τν
B → D(*)ℓν

cos θB−D(*)ℓ Evis m2
miss = p2

miss

7

Separation of signal & normalization

5

FIG. 1. The cos θB-D∗! distributions for B̄0
→ D∗+τ−ν̄τ

(solid red circles) and B̄0
→ D∗+$−ν̄! (open black circles)

taken from MC simulation.

IV. SIGNAL, NORMALIZATION AND
BACKGROUND SEPARATION

To separate reconstructed signal and normalization
events, we employ a neural network using the NeuroBayes
software package [28]. The variables used as inputs to
the network are cos θsigB-D∗!, the missing mass squared
M2

miss = (2Ebeam −
∑

i Ei)2/c4 − |
∑

i "pi|2/c2, and the
visible energy Evis =

∑

i Ei, where (Ei, "pi) is the four-
momentum of particle i in the Υ(4S) rest frame. The
most powerful observable in separating signal and nor-
malization is cos θsigB-D∗!. The neural network is trained
using MC samples of signal and normalization events.
We will use the neural network classifier as one of the fit-
ting variables for the measurement ofR(D∗) without any
selection on the neural network classifier. Typically, for
a requirement the neural network classifier to be larger
than 0.8, 82% of the signal is kept while rejecting 97% of
the normalization events.

The dominant background contributions arise from
events with misreconstructed D(∗) mesons (denoted
fakes). The sub-dominant contributions arise from two
sources in which D∗ mesons from both Bsig and Btag

are correctly reconstructed. One source is B → D∗∗#ν!,
where the D∗∗ meson decays to D(∗) and other particles.
The other source is B → XcD∗ events, where one D∗

meson is correctly reconstructed and the other charmed
meson Xc decays semileptonically. If the hadrons in the
semileptonic Xc decay are not identified, such events can
mimic signal. Similarly, events in which Xc is a D+

s me-
son decaying into τ+ντ can also mimic signal.

To separate signal and normalization events from back-
ground processes, we place a criterion on the sum of the

energies of neutral clusters detected in the ECL that are
not associated with reconstructed particles, denoted as
EECL. To mitigate the effects of photons related to beam
background in the energy sum, we only include clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions, defined in Ref. [17]. Signal and normalization
events peak near zero in EECL, while background events
can populate a wider range as shown in Figure 2. We
require EECL to be less than 1.2 GeV.

FIG. 2. The EECL distributions for the signal (solid red cir-
cles), the normalization (open black circles), and the back-
ground (open blue triangles) taken from MC simulation,
where the EECL is defined as the sum of the energies of neu-
tral clusters detected in the ECL that are not associated with
reconstructed particles.

V. MC CALIBRATION

To improve the accuracy of the MC simulation, we ap-
ply a series of calibration factors determined from con-
trol sample measurements. The lepton identification ef-
ficiencies are separately corrected for electrons and for
muons to account for differences between the detector
responses in data and MC. Correction factors for lep-
ton identification efficiencies are evaluated as a func-
tions of the momentum and direction of the lepton us-
ing e+e− → e+e−#+#− and J/ψ → #+#− decays. We
reweight events to account for differing D(∗) yields be-
tween data and MC.
The differing yields of correctly reconstructed D(∗)

mesons in data and MC affect the R(D∗) measure-
ment, as it biases the determination of the background
contribution. Calibration factors for events with both
correctly- and falsely-reconstructed D mesons are es-
timated for each D meson decay mode using a two-
dimensional fit to MD. For this calibration, we use sam-

Signal

Normalization

𝒪BDT

EECL

Signal

Normalization
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FIG. 3. EECL fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) samples,
are shown for the full classifier region (left) and the signal region defined by the selection class > 0.9 (right).
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are shown for the full classifier region (left) and the signal region defined by the selection class > 0.9 (right).
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momentum and direction using e+e� ! e+e�`+`� and
J/ ! `+`� decays.

We reweight events to account for di↵ering yields of
misreconstructed D(⇤) between data and MC simula-
tions. The calibration factor for the fake charm correc-
tion is provided by the ratio of 2D histograms of class vs.
EECL for the �M sideband of data and MC events. In
order to correct for the di↵erence in Btag reconstruction
e�ciencies between data and MC simulations, we build
PDFs of correctly reconstructed and misreconstructed
Btag candidates using MC samples, and perform a fit
to data. The ratios between the measured and expected
yields provide the Btag calibration factors. To validate
the fit procedure, we perform fits to multiple subsets of
the available MC samples. We do not find any bias with
the evaluation of the statistical uncertainties.

V. SYSTEMATIC UNCERTAINTIES

To estimate various systematic uncertainties contribut-
ing to R(D(⇤)), we vary each fixed parameter 500 times,
sampling from a Gaussian distribution built using the pa-
rameter’s value and uncertainty. Then we repeat the fit
and estimate the associated systematic uncertainty from
the standard deviation of the resulting distribution. The
systematic uncertainties are summarized in Table I.

In Table I the label “D⇤⇤ composition” refers to the
uncertainty introduced by the branching fractions of the
B ! D⇤⇤`⌫` channels and the decays of the D⇤⇤ mesons,
which are not well known and hence contribute signifi-
cantly to the total PDF uncertainty due to B ! D⇤⇤`⌫`
decays. The uncertainties on the branching fraction of
B ! D⇤⇤`⌫` are assumed to be ±6% for D1, ±10% for
D⇤

2 , ±83% for D0
1, and ±100% for D⇤

0 , while the uncer-
tainties on each of the D⇤⇤ decay branching fractions are
conservatively assumed to be ±100%.

The e�ciency factors for the fake D(⇤) and Btag recon-
struction are calibrated using collision data. The uncer-
tainties on these factors is a↵ected by the size of the sam-
ples used in the calibration. We vary the factors within
their errors and extract associated systematic uncertain-
ties.

The reconstruction e�ciency of feed-down events, to-
gether with the e�ciency ratio of signal to normalization
events, are varied within their uncertainties, which are
limited by the size of MC samples.

The e↵ect of the lepton e�ciency and fake rate, as
well as that due to the slow pion e�ciency, do not can-
cel out in the R(D(⇤)) ratios. This is due to the dif-
ferent momentum spectra of leptons and charm mesons
in the normalization and signal modes. The uncertain-
ties introduced by these factors are included in the total
systematic uncertainty.

A large systematic uncertainty arises from the limited
size of MC samples. To estimate it, we recalculate PDFs
for signal, normalization, fake D(⇤) events, B ! D⇤⇤`⌫`,
feed-down, and other backgrounds by generating toy MC

TABLE I. Systematic uncertainties contributing to the
R(D(⇤))results.

Source �R(D) (%) �R(D⇤) (%)
D⇤⇤ composition 0.76 1.41
Fake D(⇤) calibration 0.19 0.11
Btag calibration 0.07 0.05
Feed-down factors 1.69 0.44
E�ciency factors 1.93 4.12
Lepton e�ciency and fake rate 0.36 0.33
Slow pion e�ciency 0.08 0.08
MC statistics 4.39 2.25
B decay form factors 0.55 0.28
Luminosity 0.10 0.04
B(B ! D(⇤)`⌫) 0.05 0.02
B(D) 0.35 0.13
B(D⇤) 0.04 0.02
B(⌧� ! `�⌫̄`⌫⌧ ) 0.15 0.14
Total 5.21 4.94

samples from the nominal PDFs according to a Poisson
statistics, and then repeat the fit with the new PDFs.
We include minor systematic contributions from other

sources: one related to the parameters that are used for
reweighting the semileptonic B decays from the ISGW to
LLSW model; and the others from the integrated lumi-
nosity and the branching fractions of B ! D(⇤)`⌫, D,D⇤

and ⌧� ! `�⌫̄`⌫⌧ decays [26]. The total systematic un-
certainty is estimated by summing the aforementioned
contributions in quadrature.

VI. RESULTS

Our results are:

R(D) = 0.307± 0.037± 0.016 (4)

R(D⇤) = 0.283± 0.018± 0.014, (5)

where the first uncertainties are statistical, and the sec-
ond are systematic. The same ordering of uncertainties
holds for all following results. The statistical correlation
between the quoted R(D) and R(D⇤) values is �0.53,
while the systematic correlation is �0.52. The dataset
used in this measurement includes the one used for the
previous R(D⇤+) result from Belle [13], which is consis-
tent with this measurement. Being statistically corre-
lated, the earlier measurement should not be averaged
with this one, which combines R(D⇤+) and R(D⇤0). A
breakdown of electron and muon channels yields R(D) =
0.281± 0.042± 0.017, R(D⇤) = 0.304± 0.022± 0.016 for
the first case, andR(D) = 0.373±0.068±0.030, R(D⇤) =
0.245±0.035±0.020 for the second case. All fitted yields
are listed in Table II. The EECL and class projections
of the fit are shown in Figures 2, 3, 4, 5. The 2D com-
bination of the R(D) and R(D⇤) results of this analy-
sis, together with the most recent Belle results on R(D)
and R(D⇤) ([12, 14]) obtained using a hadronic tag, are
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• The	most	abundant	background	is	due	to	
(“prompt”)	Xb→D*-π+π-π+(+neutrals) 
where	the	3	pions come	from	the	Xb vertex	
(BR	~100	times	higher	than	signal).

• Suppressed	by	requiring	minimum	distance	
between	Xb and	τ vertices	(>4σDz).

• This	background	is	suppressed	by	3	orders	of	
magnitude,	while	signal	efficiency	is	35%

• Possible	due	to	the	excellent	LHCb vertex	
precision.
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‣ Tau reconstructed via 𝝉→𝜋+𝜋+𝜋-(𝜋0)ν, only two neutrinos missing
Although a semileptonic decay is studied, nearly no background from B → D* X𝝁 ν

‣ Main background: prompt      
Xb → D*𝜋𝜋𝜋 + neutrals

‣ Suppressed by requiring 
minimum distance 
between Xb & 𝝉 vertices (> 4 σΔz)

BF ~ 100 times larger than signal,

all pions are promptly produced

σΔz : resolution of vertices separation

‣ Reduces this background 
by three orders of 
magnitude

R. Aaij et al (LHCb), 

Phys.Rev.Lett.120,171802 (2018) [arXiv:1708.08856]
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between Xb & 𝝉 vertices (> 4 σΔz)

BF ~ 100 times larger than signal,

all pions are promptly produced
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‣ Reduces this background 
by three orders of 
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Figure 1: 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.

3.1.2 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 3⇡ system originates from a common vertex
and those where one of the three pions originates from a di↵erent vertex.

The background category, where the 3⇡ system stems from a common vertex, is further
divided into two di↵erent classes depending on whether or not the D⇤� and 3⇡ system
originate from the same b hadron. In the first case, the 3⇡ system either comes from the
decay of a ⌧ lepton or a D0, D+, D+

s or ⇤+
c hadron. In this case, the candidate has the

correct signal-like vertex topology. Alternatively, it comes from a misreconstructed prompt
background candidate containing a B0, B+, B0

s or ⇤0
b hadron. The detailed composition
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Figure 2: Distribution of the distance between the B0 vertex 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.
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‣ Remaining double charm bkgs:
Xb → D*-Ds+X  
Xb → D*-D+X  
Xb → D*-Ds0+X 

~ 10 x Signal 
~ 1 x Signal  
~ 0.2 x Signal 
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‣ Remaining backgrounds reduced via isolation & MVA

Isolation
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• Signal	candidates	are	required	to	be	well	isolated.

• Events	with	extra	charged	particles	pointing	to	the	
B	and/or	t	vertices		are	vetoed.

• Events	with	neutral	energy	(signal	in	the	
calorimeters)	are	suppressed	by	a	BDT
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i.e. reject events with extra charged particles pointing 
to the B and/or 𝝉

Events with additional neutral energy 
are suppressed with a MVA 
More information about that in backup

LHCb Measurement of R(D*)



# 13
arXiv:1711.02505

0 0.5 1.0 1.5 2.0
 [ps]τt

10

20

30

40

50

0 2 4 6 8 10
]4c/2 [GeV2q

10

20

30

40

50

60 Data
Total model

τν +τ−*D → 0B
τν +τ**D → B
(X)+

sD−*D → B
(X)+D−*D → B
Xπ3−*D → B
(X)0D−*D → B

Comb. bkg

0 0.0005 0.001 0.0015 0.002
 (ns)τ

100

200

300

400

500

0 5 10
)4c / 2 (GeV2q

100

200

300

400

5000 0.0005 0.001 0.0015 0.002
 (ns)τ

200

400

600

800

1000

1200

1400

0 5 10
)4c / 2 (GeV2q

200

400

600

800

10000 0.0005 0.001 0.0015 0.002
 (ns)τ

200
400
600
800

1000
1200
1400
1600
1800
2000
2200

C
an

di
da

te
s /

 (0
.2

5p
s)

  

0 5 10
)4c / 2 (GeV2q

200

400

600
800

1000
1200

1400

1600
1800)  4 c/2

C
an

di
da

te
s /

 (1
.3

75
G

eV

LHCb

Figure 17: Distributions of (left) t⌧ and (right) q2 in four di↵erent BDT bins, with increasing
values of the BDT response from top to bottom. The fit components are described in the legend.

is used to describe the background. The result of the fit is shown in Fig. 19. The yield
obtained is 17 808± 143.

The fit is also performed with alternative configurations, namely with a di↵erent fit
range or requiring the common mean value of the signal functions to be the same in the 7

24

 q2decay 

time 

Pu
re

r M
VA

 S
el

ec
tio

n

Signal

B → D*-Ds+(X)

R(D*) = 0.286 ± 0.019 (stat) ± 0.025 (syst)  
                       ± 0.021 (norm)

4 Bins 8 Bins 8 Bins

‣ Components: 
1 Signal component for 𝝉→𝜋+𝜋+𝜋-(𝜋0)ν

11 Background components

‣ ~ 1296 ± 86 Signal events 

‣ Using normalisation mode 
and light lepton BFs:

‣ Extraction in 3D fit to                           
MVA : q2 : 𝝉 decay time 

Invariant masses of 3𝜋 system

Invariant mass of D*3𝜋 system

Neutral isolation variables

Both reconstructed 
with some tricks (more 
in backup)

More information about normalization in backup
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
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that measure both quantities simultaneously, this treat-
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how to relate systematic uncertainties between e.g. R(D)
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with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D
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`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
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l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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ground source in all measurements to date. The manner
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tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
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and R(D) measurements. In individual measurements
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deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
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Note that there is a difference in stat. coverage for the 2D 

(39.3%) versus 1D measurements (68.3%)
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Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D
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is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D
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`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D
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`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
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l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

See also: https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

ℛ(D*)SM = 0.258 ± 0.005
ℛ(D)SM = 0.299 ± 0.003

More Recent SM Calculations:


BaBar B->D* 

https://arxiv.org/abs/1903.10002

- R(D*)=0.253+-0.005


Gambino, Jung, Schacht  using Belle 2019 data

https://arxiv.org/abs/1905.08209

- R(D*)=0.254 +0.007 -0.006


Bordone, Jung, van Dyk using Belle 2019 data

https://arxiv.org/abs/1908.09398

- RD=297+-0.003, RD*=0.250+-0.003


HFLAV arithmetic average

of SM Calculations


https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1905.08209
https://arxiv.org/abs/1908.09398


Florian Bernlochner 

FB, M. Franco Sevilla, D. Robinson, G. Wormser 

[arXiv:2101.08326], submitted to Review of Modern Physics
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
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⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
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⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

Note that there is a difference in stat. coverage for the 2D 

(39.3%) versus 1D measurements (68.3%)
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

ℛ(D*)SM = 0.258 ± 0.005
ℛ(D)SM = 0.299 ± 0.003

R. Aaij et al (LHCb), 

Phys. Rev. Lett. 120, 121801 (2018) [arXiv:1711.05623]

J. Harrison, C. T. H. Davies, A. Lytle, 

Phys. Rev. Lett. 125, 222003 (2020 [arXiv:2007.06956]

ℛ(J/ψ)SM = 0.2582 ± 0.0038
ℛ(J/ψ) = 0.71 ± 0.25

1.8 σ
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Much larger LHCb & Belle II data sets are coming soon


Will push precision of measured ratios

considerably

orthogonal tagging selections

8-4%

VII.A Prospects and Outlook 47

Figure 30 Projections for the expected precision on the measurement of selected R(Hc) ratios at LHCb as a function of the year
in which the corresponding data sample becomes available. Left: pessimistic scenario for an irreducible systematic uncertainty
of 3% on R(D(⇤)) and 5% on the other ratios. Right: optimistic scenario for an irreducible systematic uncertainty of 0.5% on
R(D(⇤)) and 2% on the other ratios. These extrapolations are based on the current muonic-⌧ measurements of R(D(⇤)) and
R(J/ ), as well as the forthcoming hadronic-⌧ measurement of R(D0

1) for the R(D⇤⇤) curve. The R(⇤⇤
c) entry in the legend

refers to R(⇤⇤
c(2625)). The shaded regions correspond to the long shutdowns during which there is no data taking at the LHC

and have been updated including the latest estimates (Béjar Alonso et al., 2020).

on these ratios down to the 0.5–2% level, if the irreducible
systematic uncertainties can be reduced accordingly.

Finally, the measurement of B ! pp⌧⌫ decays is un-
derway and LHCb also has plans to measure ⇤b ! p⌧⌫.
As described in Sec. II.F, these b ! u⌧⌫ transitions are
especially interesting because their potential NP cou-
plings could be in principle quite di↵erent from those
potentially involved in b ! c⌧⌫ transitions.

2. Prospects for R(Hc,u) at Belle II

Belle II will profit from the much cleaner environment
of B meson pair production in electron-positron anni-
hilations, i.e. even with its smaller data samples with
respect to LHCb, highly competitive results will emerge.
One of the major challenges will be to retain this clean
environment at high luminosities and reduce the impact
of beam and other backgrounds as much as possible. In
addition, several orthogonal data sets can be obtained
leveraging di↵erent analysis or tagging approaches (see
Section III.C.1). The most important results will be:

(i) R(D(⇤)) with exclusive tagging: In principle four
statistically independent measurements can be carried
out this way, namely either with hadronic or semileptonic
tagging and with the focus on either leptonic or hadronic
⌧ -lepton decays. The results with the best control of the
systematic uncertainty will be obtained from the com-
bination of hadronic tagging and leptonic or hadronic ⌧
decays. For these, the B-rest frame will be accessible
and, in the case of hadronic single-prong ⌧ decays, the ⌧

polarization will also be accessible. These results will suf-
fer, however, from the low overall e�ciency of hadronic
tagging caused by the small branching fractions of such
processes.

Semileptonically tagged events will retain much higher
numbers of semitauonic decays, but these will in principle
su↵er from higher systematic uncertainties. Nonetheless,
all reconstructed particles in such signatures can still be
assigned to either the signal or tag side, which will allow
for reliable measurements. It is worth noting that ad-
ditional energy depositions from beam background pro-
cesses will lead to more challenging conditions than the
present-day results. Further, only measurements with
leptonic ⌧ decays have been realized to date, so it will be
an exciting challenge for Belle II to establish measure-
ments with hadronic ⌧ decays using this technique.

(ii) R(D(⇤)) with inclusive or semi-inclusive tagging:
Compared to hadronic or semileptonic tagging, inclusive
tagging o↵ers much higher reconstruction e�ciency at
the cost of higher backgrounds and lower precision in the
reconstruction of B-frame kinematic variables. Nonethe-
less, such measurements will o↵er additional orthogonal
data sets that can be analyzed. A particularly interesting
option might involve the use of semi-inclusive tagging via
a charmed seed meson (D, D

⇤, J/ , Ds, or D
⇤
s
). Such

an approach could o↵er more experimental control than
purely inclusive tagging, while still retaining a high re-
construction e�ciency. It is unclear at present how pre-
cise such measurements will be, as no detailed studies
have been carried out, and we therefore do not include

3-2%

several ab-1


&


several 10 x fb-1

LHCb Belle II
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Possible sensitivity to angular distributions

Hadronic analyses expected to have good angular sensitivity 
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!23

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.

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="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>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

~pB̄0
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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.

W rest frame
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<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>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

~pB̄0
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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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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
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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.

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="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="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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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).
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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
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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.

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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Simulation

Simulation

VI.E Combination and Interpretation of the Results 44

0.06−

0.04−

0.02−

0

0.02

0.04

0.06
Model: 2HDM

2− 1.5− 1− 0.5− 0 0.5 1 1.5
SRc

2−

0

2

4

6

8

10]2
 [G

eV
m

is
s

2
m

ντ D →B 

Model: 2HDM

0.06−

0.04−

0.02−

0

0.02

0.04

0.06
Model: R2

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
T = 8 cSLc

2−

0

2

4

6

8

10]2
 [G

eV
m

is
s

2
m

ντ D →B 

Model: R2

0.06−

0.04−

0.02−

0

0.02

0.04

0.06
Model: S1

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
T = -8 cSLc

2−

0

2

4

6

8

10]2
 [G

eV
m

is
s

2
m

ντ D →B 

Model: S1

0.06−

0.04−

0.02−

0

0.02

0.04

0.06
Model: Tensor

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
Tc

2−

0

2

4

6

8

10]2
 [G

eV
m

is
s

2
m

ντ D →B 

Model: Tensor

2− 0 2 4 6 8 10
]2 [GeVmiss

2m
0

0.05

0.1

0.15

0.2

0.25
Model: 2HDM

ντ D →B 
ντ D* →B 
ντ D →B 
ντ D* →B 

Model: 2HDM

2− 0 2 4 6 8 10
]2 [GeVmiss

2m
0

0.05

0.1

0.15

0.2

0.25
Model: R2

ντ D →B 
ντ D* →B 
ντ D →B 
ντ D* →B 

Model: R2

2− 0 2 4 6 8 10
]2 [GeVmiss

2m
0

0.05

0.1

0.15

0.2

0.25
Model: S1

ντ D →B 
ντ D* →B 
ντ D →B 
ντ D* →B 

Model: S1

2− 0 2 4 6 8 10
]2 [GeVmiss

2m
0

0.05

0.1

0.15

0.2

0.25
Model: Tensor

ντ D →B 
ντ D* →B 
ντ D →B 
ντ D* →B 

Model: Tensor

Figure 29 Top: Color map of the percent variation per bin in the reconstructed m
2
miss normalized distribution for B ! D⌧⌫,

comparing the SM to a range of couplings for the 2HDM, the leptoquark models R2 and S1, and a pure tensor current.
Variations for B ! D

⇤
⌧⌫ are similar but somewhat smaller, ranging up to the 1-2% level. Bottom: Example normalized m

2
miss

distributions for the SM (solid) versus NP (dashed) for B ! D⌧⌫ (blue) and B ! D
⇤
⌧⌫ (red). The chosen NP coupling for

each model is shown by a dashed line in the corresponding top row figures.

2. Sensitivity and biases in recovered observables

To gain a sense of the size of these e↵ects, we consider
an approximate mock-up of an e

+
e
� experimental envi-

ronment and examine the variation in acceptances, ", for
B ! D⌧⌫ and B ! (D⇤ ! D⇡)⌧⌫, with ⌧ ! e⌫⌫ in
the presence of NP. In this mock-up, the beam energies
are fixed to 7 and 4 GeV, and we require visible final
state particles to fall within an angular acceptance 20�–
150�. We impose a minimum electron energy threshold of
Ee > 300 MeV, and an approximate turn-on e�ciency is
included to account for the slow pion reconstruction e�-
ciencies in D

⇤ ! D⇡ decays. We further include a Gaus-
sian smearing added to the truth level q

2 with a width
of 1.2 GeV2, in order to account for detector resolution
and tag-B reconstruction, and require the reconstructed
q
2

> 4 GeV2.
For this mock-up, we show in Fig. 28 the ratio of the

NP experimental acceptance compared to the SM, "/"SM,
for several di↵erent simplified models (cf. (Lees et al.,
2013) which studied this e↵ect for the Type-II 2HDM).
To characterize the sensitivity to the q

2 cut and smearing,
we also show acceptances for better and poorer q

2 reso-
lutions, with widths of 0.8 and 1.6 GeV2 for the Gaus-
sian smearing, respectively. To provide further insight
into the NP variablity of the di↵erential distributions, in
Fig. 29 we show the percent variation per bin in the re-
constructed m

2

miss
normalized distribution for B ! D⌧⌫

for the same set of simplified models, over the identical

range of NP couplings, as well as example B ! D
(⇤)

⌧⌫

distributions in the reconstructed m
2

miss
for particular NP

coupling values.
One sees typically a few percent variation in the ac-

ceptances as well as in the di↵ferential m
2

miss
distribu-

tion, with up to 5% or so variations in some cases. Al-
though this might seem small in comparison to the typi-
cal 15–20% size of currently measured LFUV in R(D(⇤)),
such variations are already comparable to the typical size
of systematic uncertainties in current analyses, such as
those shown in Table X. It is then not surprising that mis-
matches between SM and NP signal template can intro-
duce significant biases into analyses. This was observed
in the BaBar analysis (Lees et al., 2013). A similar, but
more detailed, mock-up analysis in an e

+
e
� collider envi-

ronment suggests biases at greater than the 4� level may
be expected to typically arise with 5 ab�1 of data (Bern-
lochner et al., 2020a). This e↵ect may also be impor-
tant in the extraction of the CKM parameter |Vcb|, which
is sensitive to the assumed form factor parametrization
used to generate the fit templates.

Future semileptonic analyses may address these biases
through a variety of approaches. We discuss these below
in Sec. VII.B.
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Figure 32 The 68%, 95% and 99% CL allowed regions for the
R2 simplified model coupling cSL = 8cT fitting to an Asimov
data set with cSL = 8cT = 0.25(1 + i). The best fit recovered
points are shown by gray dots.

C. Outlook for future colliders

If NP were to be discovered through indirect LFUV
searches, future colliders could be instrumental in fur-
ther characterizing the nature of the new interactions.
In some scenarios, NP mediators can escape the discov-
ery reach of the High Luminosity (HL)-LHC while still
giving rise to the observation of LFUV in semitauonic
b-hadron decays. Future hadron machines such as the
FCC-hh collider (Mangano et al., 2018), presently under
study at CERN, would extend the reach for direct obser-
vation of NP mediators into the multi-TeV range, cover-
ing most of these scenarios. An indirect NP observation
could also be possible at FCC-hh by, e.g., detecting de-
viations from the predicted inclusive ⌧⌧ production rate
in the SM (Mangano et al., 2018).

High luminosity e
+
e
� colliders may also play a crucial

role because the characteristics of b-hadron production on
the Z pole combines several of the advantages enjoyed by
B-factory experiments with those of hadron colliders. In
particular, the advantages of the former include: a very
favourable ratio of B production divided by total cross
section (22%); a low multiplicity environment (perfect
separation of the two B mesons); and good knowledge
of the B center-of-mass frame by exploiting jet direction
measurements and the peaked fragmentation function.
The advantages of the latter include large production of
all b-hadron species, and the large boost of the hadrons
themselves, which allows one to more easiy separate their
decay products from primary fragments, and to fully re-
construct secondary and tertiary vertices.

The ‘TeraZ’ class of proposed e
+
e
� colliders—either

the FCC-ee (Abada, 2019) or CEPC (Dong et al.,
2018a,b)—could provide enough B mesons produced in
this very favorable Z-pole environment to measure very

complex decays such as B
+ ! K

+
⌧

+
⌧

�, that are very
di�cult to probe otherwise (Kamenik et al., 2017). A
precise measurement of this branching ratio and its an-
gular distributions would provide a critical test of LFUV
in the neutral current decays involving the ⌧ lepton. This
might in turn provide evidence of a link between the
LFUV hints from R(Hc,u), involving charged current de-
cays to ⌧ leptons, and those of RK(⇤) , involving neu-
tral current decays to the first two lepton families only
(see Sec. II.I). In a similar vein, rare Bc decays such as
Bc ! ⌧⌫ could also be studied at a TeraZ factory (Zheng
et al., 2020). A precision of 1% of this branching fraction
could be reached providing strong constraints on many
NP models.

D. Parting thoughts

In this review we have provided an in-depth look into
the theoretical and experimental foundations for semi-
tauonic LFUV measurements. This comprised a detailed
overview of the theoretical state-of-the-art and an exten-
sive survey of the experimental environments and mea-
surement methodologies at the B factories and LHCb.
We further reexamined the current combinations and NP
interpretations of the data as well as their limitations,
and the future prospects to control systematic uncertain-
ties, all of which will be crucial for not only establishing
a tension with the SM, should one exist, but also under-
standing the nature of the New Physics responsible for
it.

Driven by the intriguing and persistent anomalies in
R(D(⇤)), the host of planned and ongoing measurements
of lepton flavor universality violation in semitauonic b-
hadron decays will provide new data-driven insights, if
not resolutions, for these current LFUV puzzles. A
golden era in flavor physics is just ahead of us.
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Updated Luminosity Projection

�6

Key elements of the update (details still under study):
Aim at an ecological operation by limiting running cost
- priority on integrated luminosity, rather than peak 

luminosity
‣ Lpeak:  8x1035 cm-2s-1/6x1035 cm-2s-1 

‣ integrate 50 ab-1 by ~2030/31
Modify QCS (requires redesign of RVC)

- relocate magnets inside cryostat
‣ be able to squeeze by* down to 0.3 mm

‣ mitigate beam-beam effect in high bunch-current regime 
- enlarge radius of QCS beam pipes
‣ protect QCS against off-orbit particles/reduce risk of 

fatal quenches

‣ reduce detector background (mainly TOP and CDC)
Partial upgrade of RF power (2 stations)
- store beam currents of LER 2.8A and HER 2.0A

Keep essential investments for upgrade of Linac, Belle II 
and collimators   1.0 0.6 0.5 0.3b*y [mm]

Peter Križan, Ljubljana

Updated plan for SuperKEKB submitted to the 
MEXT Roadmap Committee

Two steps: 
Intermediate luminosity (1 x 1035 /cm2/sec, 5ab-1);
High Luminosity (6 x 1035/cm2/sec, 50 ab-1) with a detector upgrade

Roadmap 2020

8 months/yr

TOP PMT

Polarization and/or
luminosity upgrades?

Opportunity for detector upgrade in 2026
  • increase resilience against background
  • improve performance
Goal: prepare LoI’s by end of 2020 
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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 !

"(D*) ℛ(D*+)
"(D*0)

"(J/Ψ) ℛ(J/Ψ)

ℛ(D*)
"(D)

"(D(*)
s ) fs/( fu + fd)

"(Λc) fΛb
/( fu + fd)

"(Λ*c ) fΛb
/( fu + fd)

ℛ(D) ℛ(D*)

!19

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
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Table XV Summary of the uncertainties on the R(D(⇤)) measurements. The “Other bkg.” column includes primarily con-
tributions from DD and combinatorial backgrounds. The “Other sources” column is dominated by particle identification and
external branching fraction uncertainties.

Systematic uncertainty [%] Total uncert. [%]

Result Experiment ⌧ decay Tag MC stats D
(⇤)

l⌫ D
⇤⇤

l⌫ Other bkg. Other sources Syst. Stat. Total

R(D)
BABAR a

`⌫⌫ Had. 5.7 2.5 5.8 3.9 0.9 9.6 13.1 16.2

Belleb
`⌫⌫ Semil. 4.4 0.7 0.8 1.7 3.4 5.2 12.1 13.1

Bellec
`⌫⌫ Had. 4.4 3.3 4.4 0.7 0.5 7.1 17.1 18.5

R(D⇤)

BABAR a
`⌫⌫ Had. 2.8 1.0 3.7 2.3 0.9 5.6 7.1 9.0

Belleb
`⌫⌫ Semil. 2.3 0.3 1.4 0.5 4.7 4.9 6.4 8.1

Bellec
`⌫⌫ Had. 3.6 1.3 3.4 0.7 0.5 5.2 13.0 14.0

Belled
⇡⌫, ⇢⌫ Had. 3.5 2.3 2.4 8.1 2.9 9.9 13.0 16.3

LHCbe
⇡⇡⇡(⇡0)⌫ — 4.9 4.0 2.7 5.4 4.8 10.2 6.5 12.0

LHCbf
µ⌫⌫ — 6.3 2.2 2.1 5.1 2.0 8.9 8.0 12.0

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., 2015c) f (Aaij et al., 2018b)

selections would then have to be adjusted as closely as
possible to these reduced areas to maximize the physics
output of the simulation. For Belle II an attractive op-
tion to increase the size of simulated samples in analyses
that use hadronic tagging would be to only generate the
low branching fraction modes actually targeted by the
tagging algorithms. See e.g. (Kahn, 2019) for a proof-
of-concept implementation using generative adversarial
networks.

It is important to note that each of these approaches
alone will not be su�cient to cover all future needs. For
instance, the FastSim implementations currently being
employed at LHCb allow for simulated events to be pro-
duced with about ten times fewer resources than with
full simulation. However, this order of magnitude im-
provement only covers the increased needs from Run 1
(3.1 fb�1) to Run 2 (6 fb�1, twice the bb cross section,
and higher e�cienty than in Run 1). Meeting the needs
for the 50 ab�1 that will be collected by Belle II, or the
300 fb�1 by LHCb, will probably involve the combined
use of the approaches listed above and perhaps others.

B. Modeling of B ! D
(⇤)

l⌫

As discussed at length in Sec. II, the predominant the-
ory uncertainties in the modeling of b ! c⌧⌫ decays arises
in the description of their hadronic matrix elements. Pre-
cision parametrizations of these matrix elements are cur-
rently achieved by either data-driven model-independent
approaches, such as fits to HQET-based parametrizations
(Sec. II.C.2), or by lattice QCD results (Sec. II.C.4),
or a combination of both. This applies to predictions
both for the ground states as well as the excited states
(Sec. II.E) that often dominate background contribu-
tions. In the case of B ! D

(⇤)
`⌫, these approaches have

led to form factors determinations whose uncertainties

only contribute at the 1–2% level in the measurements of
R(D(⇤)).

Especially for semitauonic analyses using the electronic
or muonic ⌧ decay channels, a reliable description of
B ! D

(⇤)
`⌫ semileptonic decays is a critical input, in

order to control lepton cross-feed backgrounds. The
hadronic ⌧ decay analyses also rely on these light semilep-
tonic inputs, but to a lesser extent. Finally, there is some
additional uncertainty in the modeling of the detector
resolution for the kinematic variables that these analyses
depend upon, that can be shared across results from the
same experiment.

C. B ! D
⇤⇤

`⌫ and B ! D
⇤⇤

⌧⌫ backgrounds

1. Systematic uncertainties evaluation and control

Excited D
⇤⇤ states decay to D

⇤, D
0, or D

± mesons
plus additional photons or pions, which can escape detec-
tion. As a result, both B ! D

⇤⇤
`⌫ and B ! D

⇤⇤
⌧⌫ de-

cays can easily lead to extraneous candidates in R(D(⇤))
analyses, though the former contributes only to measure-
ments that employ the leptonic decays of the ⌧ lepton.
In hadronic analyses, the corresponding background is

formed by B ! D
⇤⇤

D
(⇤,⇤⇤)

s decays. While all analyses
exploit dedicated D

⇤⇤ control samples where some of the
parameters describing these contributions are measured,
a number of assumptions are shared among the various
measurements, namely the form factor parameterization
of the B ! D

⇤⇤
l⌫ decays (Sec. II.E) and the D

⇤⇤ decay
branching fractions.

First data-driven fits of the B ! D
⇤⇤ form factors have

been performed (Bernlochner and Ligeti, 2017; Bern-
lochner et al., 2018a), but the resulting parameters—
especially for the broad states—are not yet well con-
strained. The chosen approach is, however, improvable
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cles are identified and EECL can be reconstructed. Here,
only clusters in the barrel, forward region and backward
region with energies greater than 50, 100, and 150 MeV,
respectively are included. For correctly reconstructed
normalization and signal decays, one expects no unas-
signed neutral depositions in the detector and that EECL

peaks at zero with a tail towards positive values due to
reconstruction mistakes on the tag-side, and to a lesser
extent due to beam-background depositions and noise in
the calorimeter.

To separate signal and normalization mode decays, a
boosted decision tree is trained with the following distin-
guishing features ranked in order of importance:

• Signal side cos ✓B,D⇤`: for normalization mode de-
cays this variable will be in the physical range of
[�1, 1], whereas for the signal mode large negative
values are expected.

• Approximate missing mass squared, m
2

miss
(more

details in Sec. III.C): the additional two neutri-
nos from the ⌧ decay will produce on average a
larger missing invariant mass than the normaliza-
tion mode.

• The total visible energy Evis =
P

i
Ei of all recon-

structed particles i in the event: the two additional
neutrinos from the signal mode also will reduce the
visible energy observed in the detector in contrast
to the normalization mode.

The classifier output Osig is then directly fitted along
with the EECL of the event to disentangle signal, nor-
malization, and background contributions. This is done
by exploiting the isospin relations between the charged
and neutral final states for the normalization and signal
contributions, i.e. fixing R(D(⇤) 0) = R(D(⇤) +). The
free parameters of the fit are the yields for the signal,
normalization, B ! D

⇤⇤
l⌫, and feed-down from D

(⇤)
`

components. The yields of other background contribu-
tions from continuum and B meson decays are kept fixed
to their expectation values.

Figure 13 shows the full post-fit projections of EECL as
well as those in the signal enriched region of Osig > 0.9.
The final results are

R(D) = 0.307 ± 0.037 (stat) ± 0.016 (syst) , (50)

R(D⇤) = 0.283 ± 0.018 (stat) ± 0.014 (syst) , (51)

with the first error being statistical and the second
from systematic uncertainties, and an anti-correlation of
⇢ = �0.52 between both values. The measurement is the
most precise determination of these ratios to date and
shows a good compatibility with the SM expectation.

Table X summarizes the relative systematic and sta-
tistical uncertainties on R(D) and R(D⇤). The limited
size of the simulated sample, used to define the fit tem-
plates and to train the multivariate selection, results in

Table X Summary of the relative uncertainties for the Belle
measurement of R(D(⇤)) using semileptonic tagging (Caria
et al., 2020).

Result Contribution
Uncertainty [%]
Sys. Stat.

R(D)

B ! D
⇤⇤

`⌫̄` 0.8
PDF modeling 4.4
Other bkg. 2.0
✏sig/✏norm 1.9
Total systematic 5.2

Total statistical 12.1
Total 13.1

R(D⇤)

B ! D
⇤⇤

`⌫̄` 1.4
PDF modeling 2.3
Other bkg. 1.4
✏sig/✏norm 4.1
Total systematic 4.9

Total statistical 6.4
Total 8.1

the dominant systematic uncertainty. Uncertainties from
lepton e�ciencies and fake rates cancel only to some ex-
tent in the measured ratios because of the large di↵er-
ences in the momentum spectra of signal and normal-
ization decays. This leads to a sizeable uncertainty of
the e�ciency ratios ✏sig/✏norm. Uncertainties from the
B ! D

⇤⇤
l⌫ background are less dominant.

C. LHCb untagged measurements

The measurement of decays with multiple neutrinos in
the final state is especially challenging at hadron colliders
given the typically smaller signal-to-background ratios
compared to the B-factories and the inability to e↵ec-
tively reconstruct a tag b-hadron to constrain the kine-
matics of the signal decay. These di�culties have been
overcome by taking advantage of the large data samples
of b-hadrons produced in high-energy pp collisions and by
cleverly estimating the kinematics of the signal b-hadron
based on the particles that can be reconstructed. The
measurements described in Secs. IV.C.1 and IV.C.3 make
use of the relatively clean muonic decays of the ⌧ lepton
to limit the background contributions and estimate the
B or Bc kinematics with the so-called rest frame approx-
imation (see Sec. III.C.3). The measurement detailed in
Sec. IV.C.2 takes advantage of the additional vertex that
can be reconstructed from ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ hadronic de-

cays to not only reduce hadronic backgrounds by four or-
ders of magnitude, but also to estimate the momentum of
the signal B meson relatively precisely (see Sec. III.C.2).
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IV.C - Fit TO LHCb hadronic RD* signal sample
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Figure 18 Projections of the signal fit for the LHCb measure-
ment of R(D⇤+) involving ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ decays (Aaij et al.,

2018b). The four rows correspond to the four BDT bins for
increasing values of the BDT response.

Table XII Summary of the relative uncertainties for the
LHCb measurement of R(D⇤+) involving ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ de-

cays (Aaij et al., 2018b).

Contribution
Uncertainty [%]

Sys. Ext. Stat.

Double-charm bkg. 5.4
Simulated sample size 4.9
Corrections to simulation 3.0
B ! D

⇤⇤
l⌫ bkg. 2.7

Normalization yield 2.2
Trigger 1.6
PID 1.3
Signal FFs 1.2
Combinatorial bkg. 0.7
Modeling of ⌧ decay 0.4
Total systematic 9.1

B(B ! D
⇤
⇡⇡⇡) 3.9

B(B ! D
⇤
`⌫) 2.3

B(⌧+
! 3⇡⌫)/B(⌧+

! 3⇡⇡0
⌫) 0.7

Total external 4.6

Total statistical 6.5

Total 12.0

will not be reduced with the increasing LHCb data sam-
ples that will be collected. Instead, additional measure-
ments from Belle II will be needed (Sec. V.E).

The result of this measurement was reported as
R(D⇤+) = 0.291 ± 0.019 ± 0.026 ± 0.013 in 2018. Tak-
ing into account the latest HFLAV average of B(B0 !
D

⇤+
`⌫) = 5.08 ± 0.02 ± 0.12)% (Amhis et al., 2019), the

result is

R(D⇤+) = 0.280 ± 0.018 (stat) ± 0.025 (syst) ± 0.013 ,

(54)
where the third uncertainty is due to the external branch-
ing fractions described above.

3. R(J/ ) with ⌧ ! µ⌫⌫

The ratio R(J/ ) was measured for the first time in
2018 by the LHCb experiment (Aaij et al., 2018a), thus
opening the possibility for the exploration of LFUV in
decays subject to very di↵erent sources of both experi-
mental and theoretical uncertainties compared to those
in R(D(⇤)). This measurement leverages two of the key
techniques developed for the muonic R(D⇤+) analysis de-
scribed in Sec. IV.C.1: the isolation BDT and the rest
frame approximation. Just as for the R(D⇤+) measure-
ment, the ⌧ lepton is reconstructed via ⌧ ! µ⌫⌫, so that
signal Bc ! J/ ⌧⌫ and normalization Bc ! J/ µ⌫ de-
cays share the same final state. The event is selected if
the only additional tracks close to the muon coming from
the ⌧ decay are a pair of oppositely charged muons that
form a vertex separated from the PV and whose invariant
mass is compatible with the J/ ! µµ decay.

The signal and normalization yields are extracted from
a four-dimensional binned maximum likelihood fit to
q
2, m

2

miss
, E

⇤
`
, and the proper time elapsed between

the production and decay of the Bc meson: the decay
time. The first three variables are calculated with the
same techniques as used in the muonic R(D⇤+) analysis
(Sec. IV.C.1). The inclusion of the decay time among the
fit variables improves the separation of Bc decays from
Bu,d,s decays, because the Bc lifetime is almost three
times shorter than that of Bu,d,s mesons.

A key di↵erence with respect to the R(D(⇤)) measure-
ments is that background contributions from partially
reconstructed Bc decays are significantly reduced thanks
to the narrow invariant mass of the J/ meson and its
clean dimuon final state. As a result of this reduction and
the overall small Bc production rate, the main sources
of background in the R(J/ ) analysis are misidentified
Hb ! J/ h

+ decays, where Hb is a more abundant b-
hadron and h

+ is a hadron incorrectly identified as a
muon, as well as random combinations of muons.

The template for the J/ h
+ contribution is estimated

by applying the the misidentification probabilities for dif-
ferent hadron species, as determined in high-purity sam-
ples of identified hadrons, to a control sample with a
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‣ Dedicated control samples for remaining backgrounds
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LHCb Measurement of R(D*) arXiv:1711.02505

‣ Actually measure BF relative to B0 → D*𝜋+𝜋+𝜋-
Method	for	measuring	R(D*)

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 31

• We	measure:

• Signal	and	normalization	share	same	visible	final	state	(D*-π+π-π+).
• Most	of	the	systematic	uncertainties	cancel	in	the	ratio (PID,	trigger	…).
• R(D*)	obtained	from:

• N(B0→D*+π-π+π-) from	a	un-binned	likelihood	fit	to	m(D*-π+π-π+).
• N(B0→D*+τ+(→π-π+π-(π0)ντ)ντ from	a	3-dimensional	template	fit.

R(D*) = Rhad (D*)×
BR(B0 →D*−π +π −π + )
BR(B0 →D*−µ+νµ )

[~4%	precision,	PDG2017]

[~2%	precision,	HFLAV	2016]

Method for measuring R(D*) 

06/06/17 A. Romero Vidal 17 

Khad (D*) =
BR(B0 →D*− τ +ντ )

BR(B0 →D*− π +π −π + )
=

N(B0 →D*− τ +ντ )
N(B0 →D*+ π −π +π − )

×
1

BR(τ + → π +π −π +(π 0 )ντ )
×
ε(B0 →D*+ π −π +π − )
ε(B0 →D*− τ +ντ )

•  What we measure: 

•  Signal and normalization share same visible final state (D*-π+π-π+). 

•  Most of  the systematic uncertainties cancel in the ratio (PID, trigger …). 

•  R(D*) obtained from: 

•  N(B0→D*-π+π-π+) from an un-binned likelihood fit to m(D*-π+π-π+). 
•  N(B0→D*-τ+ντ) from a 3-dimensional template fit. 

R(D*) = Khad (D*)×
BR(B0 →D*−π +π −π + )
BR(B0 →D*−µ+νµ )

[~4% precision] 
 
[~2% precision] 

[PDG 2016] 

‣ Measured to about 4% precision 

most precise measurement from BaBar: Phys. Rev. D94 (2016) 091101)

‣ Extraction in 3D maximum likelihood fit 
to MVA : q2 : 𝝉 decay time 

Xb → D*-Ds+X  
Xb → D*-D+X 

Use Ds+ → 3𝜋 and fit m(D*Ds) to constrain individual contributions
Use D+ → K3𝜋 to correct q2, but float in fit 

Invariant masses of 3𝜋 system

Invariant mass of D*3𝜋 system

Neutral isolation variables
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LHCb Measurement of : q2 & 𝝉 decay timeR(D*) arXiv:1711.02505

Signal	reconstruction
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• 4-fold	ambiguity:

• Can	be	approximated	by	doing:

θτ

ν

3π

θ'B0

ν

D*τ

Laboratory	
frame

• Possible	to	reconstruct	rest	frame	variables	such	as	tau	decay	time	and	q2.	
• These	variables	have	negligible	biases,	and	sufficient	resolution to	preserve	good	

discrimination	between	signal	and	background.	

Slide from C. Bozzi
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The	Xb→D*- Ds
+ X control	sample
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• Use	exclusive	Ds→3π decays	to	select	a	 Xb→D*- Ds
+ X control	sample	

• Determine	the	different	Xb→D*- Ds
+ X contributions	from	a	fit	to	m(D*Ds):

• B0→D*Ds,	B
0→D*Ds*,	B

0→D*Ds0*,	B
0→D*Ds1’,	Bs→D*DsX,	B→D**DsX

• only 20%	of	Ds originates directly from B,	40%	originates from Ds*,	40%	from Ds**
• Uncertainties	in	the	fit	parameters	propagated	to	final	analysis.

LHCb-PAPER-2017-017

Slide from C. Bozzi

LHCb Measurement of : Control samplesR(D*)
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LHCb Measurement of : Control samplesR(D*)
The	Xb→D*- D0 X control	sample

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 43

]4/c2[GeV2q
0 5 10

Ev
en

ts
0

20
40
60
80

100
120
140
160
180
200

LHCb preliminary

data
Total model

X0D*D
comb. bkg.

• Xb→D*- D0 X decays	can	be	isolated	
by	selecting	exclusive	D0→K-3π
decays	(kaon	recovered	using	

isolation	tools).

• A	correction	to	the	q2 distributions	is	

applied	to	the	Monte	Carlo	to	match	

data.

Unfortunately,	this constraint does not	exist

for	the	D+ mesons,	K3pp° is poorly known,	
the	inclusive	BR	is not	measured

We let		the	D+ component	float in	the	fit

• In	contrast to	the	Ds
+	case,	most

3p final	states	in	D+ and	D° decays

originate from D+,0 àK0,+	3p

For	the	D°,	the	inclusive	4	prongs BR	

constrains strongly the	rate	of	3p events

LHCb-PAPER-2017-017

Slide from C. Bozzi


