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Flavour at FCC-ee

• Strong case for flavour physics at the Z0-pole at FCC-ee

• Production of 3.8 × 1011 Z0’s anticipated per year per IP
• 5.8 × 1010 bb̄

• 4.6 × 1010 cc̄

• 1.3 × 1010 ττ

• Z0 production rate of ∼ 100 kHz and clean e+e− environment put
us in triggerless readout territory

• No efficiency losses from online selection cuts

• We must identify the physics cases where FCC-ee can perform
better than either LHCb Upgrade II or Belle II

• Show a sample of mode studies today - more details here and in
backup slides
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https://indico.cern.ch/event/932973/contributions/4080502/attachments/2142396/3610917/FCC_workshop_Nov_2020.pdf


Goals: medium-term

Enable informed detector design studies with a focus on
heavy flavour physics at FCC-ee

• What detector specifications are vital, and which are desirable?
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Goals: shorter-term

Identify highest-priority heavy-flavour modes for FCC-ee

• How can FCC-ee extend physics reach beyond LHCb and Belle II?

• What modes are the most theoretically compelling?
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Goals: immediate

Develop software tools in FCCSW to facilitate studies

• EvtGen for exclusive decay mode simulation (this talk)

• MC truth-matching (this talk)

• Particle combinations to reconstruct modes of interest (this talk)

• Reconstruction and analysis tools (flavour tagging, decay chain
building with vertex fitting, isolation, full event interpretation...)
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Software and samples used

• Use key4hep/EDM4hep to simulate e+e− → Z0 → ff̄ processes
• Pythia for generation and hadronisation

• EvtGen to decay hadrons, including option to force a
user-specified decay (exclusive)

• Delphes for IDEA detector performance parameterisation

• Details of samples used here

• Additional processing of EDM4hep output in FCCAnalyses,
providing user-friendly ROOT files with MC-association info

• User-level analysis with uproot and awkward array
• Examples and some common functions here

• Particle combinations at 4-vector level - full decay chain
reconstruction with vertexing not yet fully implemented
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https://github.com/key4hep/EDM4hep
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https://github.com/donalrinho/fcc_python_tools


Species yields at FCC-ee (per IP per year)

• Use these yields in combination with decay branching fractions
(B) to estimate yields for exclusive modes

• Production fractions from e+e− → Z0 → ff̄ Pythia

• No efficiency factors from reconstruction or selection included

Z0 mode Species Production fraction Yield
bb̄ B± 0.43 4.9 × 1010

bb̄ B0 0.43 4.9 × 1010

bb̄ B0
s 0.098 1.1 × 1010

bb̄ B±c 4 × 10−4 4.5 × 107

ττ τ 1 2.5 × 1010

cc̄ D± 0.43 3.9 × 1010
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LHCb & Belle II estimates

• Existing Run 1 (3 fb−1) or Run 1 + 2 (9 fb−1) analysis yields used
as baseline figures

• If 3 fb−1, extrapolate to 9 fb−1 with lumi scaling plus an additional
factor 2 for higher

√
s and better trigger efficiency

• Scale 9 fb−1 yields to 300 fb−1 (full LHCb Upgrade II) with relative
lumi factor

• Efficiency effects are included since real analysis yields used

• Belle II expectations from Belle II physics book [arXiv:1808.10567]
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B0 → (K∗0 →Kπ)e+e−

• Rare decay involving b→ s transition (B = 3.4 × 10−7)
• Sensitive to NP in loop-level processes

• Significant work already from LHCb on K(∗)ℓ+ℓ− modes:
• Lepton universality tests via R(K(∗))
• Differential branching fractions
• Angular analyses

• Measurements of electron mode are challenging at LHCb due to
limited Bremsstrahlung recovery (tail in B invariant mass)

• 450 events in 9 fb−1 LHCb analysis [arXiv:2010.06011]
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Figure 2: Distributions of the (left) K+⇡�e+e� invariant mass and (right) cos ✓K of B0! K⇤0�
candidates. The black points represent the data, while the solid blue curve shows the total
PDF. The signal component is represented by the dashed pink line and the shaded areas are
the background components, as detailed in the legend. The SL/C component is composed of
semileptonic and combinatorial background contributions. The dashed vertical lines indicate the
restricted mass range used in the angular analysis.
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Figure 3: Distributions of the (top left) K+⇡�e+e� invariant mass, (top right) cos ✓`, (bottom
left) cos ✓K and (bottom right) �̃ variables of B0! K⇤0e+e� candidates in the reconstructed
q2 range between 10�4 GeV2 and 0.25GeV2. The black points represent the data, while the
solid blue curve shows the total PDF. The signal component is represented by the dashed red
line and the shaded areas are the background components, as detailed in the legend. The
SL/C component is composed of semileptonic and combinatorial background contributions. The
dashed vertical lines indicate the restricted mass range used in the angular analysis.
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B0 → (K∗0 →Kπ)e+e−

• FCC-ee yield (per experiment, per year, no selection cuts):
• (4.9 × 1010) × (3.4 × 10−7) = 17,000 events

• LHCb 300 fb−1: 120,000 across full q2 range
• 9 fb−1 analysis uses 0.0008 < q2 < 0.257 GeV2 (14% of signal)

• Exclusive EvtGen sample, with IDEA Delphes and p > 1 GeV cuts
on all tracks

• No truth-matching applied here
• B0 peak resolution excellent
• No brem modelled in Delphes
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τ+ → µ+γ

• Lepton flavour violating decay with unobservable rate in SM

• NP scenarios predict it to have the highest B of all LFV modes
[arXiv:0908.2381]

• Current best limits B < 4.4 × 10−8 from B-factories

• Challenging due to lack of τ vertex and presence of photon
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τ+ → µ+γ

• FCC-ee yield (per experiment, per year, no selection cuts):
• (2.5 × 1010) × (1 × 10−9) = 25 events

• With 4 IPs, observation still possible at B = 6 × 10−11

• Belle II 50 ab−1 projected upper limit is 10−9 [arXiv:1808.10567]

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• τ peak resolution poor due to γ (3-vector assumed to point to PV)
• Tight offline selection likely required due to random photon
combinatorics and lack of decay vertex - will impact upper limit
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B0 →D∗−(τ+ → π+π+π−ν̄τ)ντ

• SM lepton universality asserts that decays to different lepton
types are equally probable (aside from phase space factors)

• Branching fraction ratios of τ vs. ℓ in tension with SM at 3σ level
• Could be caused by additional mediators such as charged Higgs

• Rich angular structure in b→ cℓν decays, with terms that are
sensitive to different NP couplings (scalar, vector, tensor)
[arXiv:1908.04643]
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Decay reconstruction using τ+ → π+π+π−ν̄τ

• Advantageous to reconstruct τ → 3πν mode, as three pions
provide τ decay vertex [arXiv:1711.02505]

• Coupled with B decay vertex from D∗ decay, have a
measurement of τ flight

• Can be used to estimate momentum components

• Non-signal b-jet at FCC-ee provides B direction info

• Random track combinations and backgrounds from decays
involving two charm hadrons are main challenges

• To isolate signal distributions in FCC-ee sim, use truth matching of
three pions

• Require that the parent PDG ID for all three pions is τ (±15)
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Truth-matching in action for τ+ → π+π+π−ν̄τ

• Process exclusive B0 →D∗−τ+ντ sample, with only a p > 1 GeV
cut on considered tracks

• Large background present from random combinations even in
exclusive signal sample

• Much of this will be from pions produced at the PV and on the
other side of the event

• Flight, impact parameter, and direction requirements to be studied
• Use the truth-matched 3π + D∗ to create B0 candidates
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D∗ and B0 (D∗ + τ ) candidates

• Multiple missing neutrinos, so τ and B0 are not fully
reconstructed

• Mass distributions all have the expected form however, and
∆M =m(D∗ −D0) has excellent resolution

• Truth-matching of TAUOLA τ decays to be studied

• Expect 2 million events per experiment per year
• 600,000 in 300 fb−1 LHCb after selection [arXiv:1908.04643]
• A 2% efficient offline selection could match full LHCb statistics
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Event-level information



Thrust

T = Σi∣p⃗i⋅n̂∣
Σi∣p⃗i∣

• Thrust axis of an event given by direction of unit vector n̂

• The direction of n̂ is chosen to maximise the thrust T

• A two-jet event will have T = 1 (perfectly back-to-back) while a
spherically symmetric event has T = 0.5

• Useful method to determine event hemispheres
• Use angle of particles relative to the thrust axis
• Allows calculation of energy in each hemisphere, which is
important for missing momentum studies
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Thrust in inclusive Z0 → bb̄ events

• Thrust values are peaked close to 1 in Z0 → bb̄ - similar shape to
LEP data

4.2 Event Shapes 61

Fig. 4.2 (a) Event thrust, (b) event sphericity and (c) jet transverse mass distributions comparing
b-quark events to c and light-quark events. From [2]

With these considerations in mind the variable transverse jet mass (Mt ) has been
studied where,

Mt = 2Ebeam

Evis

N∑

i=1

∣∣pout
i

∣∣ . (4.3)

Here Ebeam is the colliding beam energy and Evis is the total visible event energy
in charged particles. The quantity pout

i is the component of particle momentum out
of the plane defined by the thrust vector and the orthogonal axis that points in the
direction that maximises the transverse momentum content of the event

∑
pt with

pt calculated with respect to this axis. A distribution of Mt is presented in Fig. 4.2(c)
where b-events are compared to the lighter flavours. Although, as expected, the
flavour-discriminating power of Mt is found to be superior to sphericity or thrust
tagging alone, the performance is not at the same level as was seen at e.g. PETRA
where Mt was successfully used as a b-tag [3]. A reason for this is the increased
frequency of events with four (or more) jets for which the planar three-jet topology
is no longer true. These events will in general populate the tail of the Mt distribution
and will act to blur the pout

t contribution coming only from the quark mass.
Another tagging technique that had been used successfully at lower energies (e.g.

at TASSO [4]) was the concept of boosted sphericity. The idea here is to calculate

LEP OPAL data

• Angle of particles with respect to the thrust axis provides clear
separation into hemispheres (> 0 and < 0)
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Hemisphere energies in Z0 → bb̄ events

• Each hemisphere sums to ∼m(Z0)/2, with resolution visible
plus tails due to missing energy (neutrinos)

• Energy difference between hemispheres can be used for missing
momentum modes

• The signal side should have less energy

• See Yasmine’s talk on B+c → τ+ντ for an example use case
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Summary

• First steps taken in flavour physics studies at FCC-ee
• Early adoption of key4hep/EDM4hep
• FCCAnalyses providing user-level ROOT files
• uproot and awkward array for particle combinations

• Exclusive samples generated and analysed for a set of
interesting heavy flavour modes

• Yield expectations compare favourably to LHCb UII and Belle II
• We must ask: where can FCC-ee really shine?

• Move towards detector design studies which are informed by
physics performance on key decay modes

19



Backup



Track momentum resolution in Delphes

• Pions from B0 →D∗−τ+ντ exclusive sample

• Core resolution is excellent

• Resolution includes component from track covariance module
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B-hadron production fractions

• Values measured in inclusive Z0 → bb̄ sample produced with
Pythia in FCCSW

• Use these values in yield estimations where applicable

B-hadron Production fraction (%)
B0 43.0
B± 43.0
B0

s 9.6
B±c 0.04
Λ0
b 3.7
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Truth-matched m(3π) distribution in B0 →D∗−τ+ντ

• Same distribution as shown in red in main slides

• Consistent with a1(1260)+ → 3π production in TAUHADNU

• TAUOLA generation also working, but MC-truth needs to be
understood for matching

• Will make use of this matching for various tauonic decay modes
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τ+ → µ+µ+µ−

• Lepton flavour violating (LFV) decay - violation of lepton
universality (see B anomalies) would also imply LFV

• Unambiguous sign of NP, with a clear signal peak at m(τ)

• Current best limit B < 2.1 × 10−8 from Belle
• NP can enhance decay to 10−10 < B < 10−8 level

• Other similar modes e.g. τ+ → µ+e+e−, τ+ → µ+e− can also be
considered
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τ+ → µ+µ+µ−

• FCC-ee yield (per experiment, per year, no selection cuts):
• 3 events assuming B = 10−10 and Z0 → ττ production
• With good background suppression at 50% signal efficiency,
observation possible (across experiments) at B ∼ 10−10

• Belle II 50 ab−1 projected upper limit is 3.3 × 10−10

[arXiv:1808.10567]

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• τ peak resolution very good
• τ flight and excellent vertexing would help fight background
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B0 → µ+µ−

• Very rare decay (B = 1.07 × 10−10 in SM) which is sensitive to NP
contributions

• Not observed yet, but B measurements by LHC experiments

• PDG combination B = (1.1 ± 1.4) × 10−10
• In agreement with SM, but theory error is 0.1 × 10−10

[arXiv:1208.0934]

• Well-motivated to push for observation and < 10% B precision
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Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6
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B0 → µ+µ−

• FCC-ee yield (per experiment, per year, no selection cuts):
• (4.9 × 1010) × (1.07 × 10−10) = 5 events

• Anticipate ∼ 80 events with 4 IPs

• 300 fb−1 LHCb: ∼ 700 events based on 7 observed in 4.4 fb−1

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• B0 peak resolution excellent
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B0
s → (D−s →K+K−π−)K+ (also see here from Roy)

• Time-dependent CP violation due to interference between
mixing and decay amplitudes

• Measures γ − 2βs at tree-level, which can be compared to
ϕs = −2βs measured in charmonium (B0 → J/ψK0

s e.t.c.)
• Comparison sensitive to NP, as measured ϕs may not be ϕSM

s

• An interesting mode for FCC-ee because:
• Belle-II does not resolve B0

s time-dependence
• LHCb flavour-tagging efficiency is poor
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Figure 3: The multivariate fit to the (left) B0
s ! D�

s ⇡
+ and (right) B0

s ! D⌥
s K± candidates for

all D�
s decay modes combined. From top to bottom: distributions of candidates in B0

s mass, D�
s

mass, companion PID log-likelihood di↵erence. The solid, blue, line represents the sum of the fit
components.
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B0
s →D−sK

+

• FCC-ee yield (per experiment, per year, no selection cuts):
• (1.1 × 1010) × (1.2 × 10−5) = 135,000 events

• Anticipate ∼ 2 million events with 4 IPs

• 300 fb−1 LHCb: 340,000 events based on 1770 observed in 3 fb−1

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• B0

s peak resolution excellent
• Would PID selections be needed to separate from B0

s →D−sπ
+?
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D+ → π+π0

• In SM, decay is dominated by two singly Cabibbo-suppressed
tree-level diagrams

• Other diagrams?
• Gluonic penguin forbidden from isospin conservation
• Electroweak penguin suppressed by α, ∼ 10−6 contribution

• No CP asymmetry expected in SM as a result, as no comparably
sized amplitudes can interfere

• Measurement of CP asymmetry is thus a clear signal of NP

• Efforts at LHCb ongoing, but made difficult by lack of decay
vertex and limited π0 reconstruction efficiency
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D+ → π+π0

• FCC-ee yield (per experiment, per year, no selection cuts):
• (3.9 × 1010) × (1.2 × 10−3) = 48 million events

• ∼ 5 × 10−5 precision on ACP , if systematics can be controlled

• 2 × 10−3 precision predicted at Belle II [arXiv:1808.10567]

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• D+ and π0 peaks limited in resolution due to photons
• Background in π0 distribution from random photon combinatorics,
leading to background in D+
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B0
s → (ϕ→K+K−)γ

• Decay involves b→ sγ loop-level transition

• Decay rate is well-measured, but photon polarisation in the
decay is sensitive to NP

• Predominantly left-handed in SM, but NP models can introduce
a sizeable right-handed component

• Polarisation can be affected by NP without altering rate

• Polarisation observable A∆ has been studied at LHCb:
A∆ = −0.67+0.37−0.41 ± 0.17 [arXiv:1905.06284]

• Sensitive to ratio of right and left polarisation amplitudes

• SM prediction A∆
SM = 0.047+0.029−0.025, agreement at 1.7σ
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B0
s → (ϕ→K+K−)γ

• FCC-ee yield (per experiment, per year, no selection cuts):
• (1.1 × 1010) × (1.7 × 10−5) = 190,000 events
• Anticipate ∼ 3 million events with 4 IPs
• LHCb 3 fb−1 yield ∼ 4000, so ∼ 800,000 with 300 fb−1

• Precision below theory error on A∆ possible

• Exclusive EvtGen sample with IDEA Delphes
• No truth-matching applied
• B0

s peak resolution limited due to photon
• Background even in exclusive signal MC sample from random
photon combinatorics
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Figure 1: Fits to the mass distributions of the (left) B0
s ! �� and (right) B0 ! K⇤0� candidates.

the B0 ! K⇤0� decay channel, the B0 ! K⇤0⇡0 and ⇤0
b
! (pK�)� decays are taken into

account. Each peaking background is modeled with a Crystal Ball function. The shape
parameters are determined from simulation, except for the width of the Gaussian core,
which is multiplied by a factor to account for the di↵erence in resolution between data
and simulation. The yield ratios of peaking backgrounds to signal are calculated using
simulation samples and taking the branching ratios from experimental measurements [6,9].
They are determined to be below 2% in all cases. Partially reconstructed backgrounds
originate from other b-hadron decays in which one or several final-state particles are
not reconstructed. This contribution is negligible in B0

s
! �� decays, while for the

B0 ! K⇤0� mode the dominant contributions are: decays of the type B ! K⇡⇡� with a
missing pion, decays of the type B ! K⇡⇡0X (mainly from B+ ! D0⇢+ decays) with
one or several missing hadrons, and B0 ! K⇤0⌘(��) decays with a missing photon. They
are described by an ARGUS function [23] convolved with a Gaussian function to account
for the detector resolution, with the shape parameters determined from simulation.

Flavor-tagging algorithms are applied to identify the initial flavor of the B0
s
meson.

They provide a tag decision q, which takes the value +1 if the signal was originally a
B0

s
meson, �1 if it was a B0

s
meson, and zero if no decision is given. The algorithms

also provide an estimate ⌘ of the probability for the tag decision to be incorrect (mistag
probability). Two classes of flavor-tagging algorithms are used: same-side (SS) [24]
and opposite-side (OS) taggers [25]. The SS tagger determines the flavor of the signal
candidate by identifying the charge of the kaon produced together with the B0

s
meson

in the fragmentation process, and is based on a neural network algorithm [24]. The OS
taggers rely on the pair production of b hadrons in pp collisions and examine the decay
products of the other b hadron in the event. The information used includes the charge of
the leptons produced in semileptonic decays, the charge of kaons produced in b ! c ! s
transitions, and the charge of the particles originating from the decay vertex [25].

The mistag probability estimate ⌘ is calibrated using a linear function to obtain a
corrected mistag probability ! for the signal sample. This is performed using mainly
samples of B+ ! J/ K+ and B0 ! J/ K⇤0 decays for the OS tagger and B0

s
! D�

s
⇡+

and B⇤
s2(5840)

0 ! B+K� decays for the SS tagger. The uncertainties of the calibration
parameters include a systematic uncertainty that takes into account possible di↵erences
of these parameters between the decays used for calibration and other B-decay modes.

3

LHCb σ = 100 MeV/c2
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B0 →K∗0τ+τ− (see Lingfeng Li’s talk at November workshop)

• Tauonic equivalent of K∗0ℓ+ℓ−, critical to extend the b→ sll

lepton universality picture

• Total B = 3.2 × 10−10, assuming B0 decay B = 10−7 and
reconstruct only K∗ →Kπ and τ → 3πν

• (4.9 × 1010) × (3.2 × 10−10) = 16 events per exp. per year
• Considering sub-decays with neutrals can boost this to ∼ 1000

• Very large SM backgrounds from decays where charm meson
fakes τ → 3π signal
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B0 →K∗0τ+τ−

• Using truth-matched K∗ and τ ’s to build B0

• τ momentum reconstruction technique from CDR has been
successfully applied to key4hep/EDM4hep output

• Perfect vertex knowledge for now
• Resolution from momentum measurement (∼ 5 MeV/c2) will be
degraded further by finite vertex precision
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Other important missing momentum modes

• B0
s → τ+τ−

• Not yet observed, with only weak B limits ∼ 10−2

• Significant NP enhancements possible due to larger τ mass
• With SM B ∼ 10−6 and τ → 3πν , 80 events per exp. per year

• B+c → τ+ντ (no chance at LHCb, no B+c at Belle II)
• Same vertex factors as B0 →D(∗)τντ , so an important crosscheck
of b→ clν lepton universality measurements

• Measurement of ∣Vcb∣ possible
• CEPC studies exist, which we should aim to match and extend
[arXiv:2007.08234]

• See talk from Yasmine here for details
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