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The LHCb experiment
A large collaboration 

➡ 21 countries, 96 institutes, 1572 members 

US participation 
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Hugely successful track record
Access to high mass 
scales through flavor 
physics was key through 
development of SM 
➡ No  ⇒ c quark 

➡  ⇒  GeV 

➡  ⇒ t, b quarks 

➡  GeV 

LHCb has demonstrated 
emphatically that the 
LHC is an ideal 
laboratory for flavor 
physics 

KL → μμ

ΔmK mc ∼ 1.5

ϵK

ΔmB ⇒ mt ≥ 100

3
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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: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200

5

Mass fit result

18

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

[LHCB-PAPER-2021-007]

Preliminary

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σ

PRL 128, 041801 (2022)
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Figure 9. One dimensional 1 − CL profile for γ from all inputs used in the combination.
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Figure 10. Evolution of the LHCb combination result for γ, with the central values and 1σ
uncertainties in black. This result is the 2021 data point, the value and uncertainty are highlighted
by the dashed blue line and band, respectively.

D Additional figures

Figure 9 shows the p-value distribution as a function of γ for the global fit. A summary of
LHCb γ combination results as a function of time is given in figure 10.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as

5

Nature Physics 18, 1 (2022)

JHEP 12, 141 (2021)

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 73Angelo$Carbone

ΔA#$ experimental+status+(today)

BaBar [Phys.+Rev.+Lett.+100,+061803(2008)]

Belle+Preliminary+[arXiv:1212.1975]

CDF [Phys.Rev.Lett.+109+111801+(2012)]+

LHCb [LHCbMPAPERM2019M006]

385.8+fb−1 Υ(4()

976+fb−1 fb−1 Υ(4()

9.7 -b/0 1 = 1.96 TeV 88̅

9+fbM1+ 1 = 7,13 TeV 88

   -1        0         1 
ΔACP [ % ]

PRL 122, 211803 (2019)

B(s) → μμ  oscillation → Bs Δms

First CP violation in charm CKM angle γ

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjI7rny2Jj1AhUDC-wKHR56A9sQFnoECAoQAQ&url=https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf&usg=AOvVaw0GkMoEjNYJRL1sMIjwZW9o
https://arxiv.org/abs/2108.09283
https://arxiv.org/abs/1903.08726
https://arxiv.org/abs/2104.04421
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W mass   with highest fixed-target p He → p̄X s

Flexible and broad program

Leading and 
critical 
contributions 
beyond core 
program

4

20 30 40 50 60 70 80 90100
]c momentum [GeV/p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7HR

 = 110 GeVNNsHe p
LHCb Data

EPOS 1.99
EPOS-LHC
HIJING 1.38
PYTHIA 6
QGSJET-II04

1 2 3 4
]c transverse momentum [GeV/p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7HR LHCb
 = 110 GeVNNsHe p

Data
EPOS 1.99
EPOS-LHC
HIJING 1.38
PYTHIA 6
QGSJET-II04

Figure 16: Measured R
H

as a function of (top) the p momentum for 0.4 < pT < 4GeV/c
and (bottom) the p transverse momentum for 12 < p < 110GeV/c. The measurement is com-
pared to predictions, in the same kinematic regions, from the Epos 1.99 [32], Epos-lhc [22],
Hijing 1.38 [33], Pythia 6 [34] and Qgsjet-ii04 [38] models, included in the Crmc pack-
age [25].

considered in the modelling of the secondary p component in cosmic rays, where R
H
is

assumed to depend only on
p
sNN [10,11]. These results are thus expected to provide a

valuable input to improve the predictions for the secondary p cosmic flux.

19
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Figure 6: Adapted from Ref. [116]: constraints on visible A
0 decays from (blue regions) LHCb [118]

and (gray regions) all other experiments. The solid blue line is the union of Run 3 projections for
LHCb from Refs. [117,119], along with more recent unpublished inclusive A

0
! e

+
e
� projections

based on 2018 data. The dashed blue line projects further into the future to the end of Run 6.

2.8 Dark sectors

The possibility that dark matter particles may interact via unknown forces, felt only feebly
by Standard Model particles, has motivated substantial e↵ort to search for dark-sector
forces. LHCb has produced world-leading results using data collected in Runs 1 and 2,
and will have greatly enhanced discovery potential in this area after its upgrades.

2.8.1 Dark photons

Recently, substantial e↵ort has been dedicated [116] to searching for a massive dark
photon, A0, whose small coupling to the electromagnetic current arises due to kinetic
mixing between the SM hypercharge and A0 field strength tensors. Constraints have been
placed on visible A0 decays by previous beam-dump, fixed-target, collider, and rare-meson-
decay experiments, which are summarized in Fig. 6. Reference [117] proposed an inclusive
search for dark photons at LHCb based on both prompt and displaced dimuon resonances,
and estimated that LHCb will have sensitivity to large regions of unexplored dark-photon
parameter space by the end of Run 3 (see Fig. 6). Reference [118] is the published version
of this search using Run 2 LHCb data, which confirms that the predictions for Run 3 in
Ref. [117] are accurate. The sensitivity in Run 2, while already world leading, is greatly
reduced due to the much smaller luminosity than expected in Run 3, and by the fact that
the hardware trigger discards most of the potential signal.

In 2018, LHCb implemented electron identification in the first high-level trigger stage,
which enabled developing new A0

! e+e� triggers. The data collected by these triggers are
currently being used to search for A0

! e+e� decays—which would be mostly produced
in ⇡0

! �A0 and ⌘ ! �A0 decays—allowing LHCb to begin to exploring new parameter
space below the dimuon threhold. The sensitivity using this inclusive A0

! e+e� approach
is expected to be superior to the radiative-charm method proposed in Ref. [119] in Run 3
and beyond; this is included in the future LHCb curve shown in Fig. 6.
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LHCb-PUB-2022-012

https://arxiv.org/abs/2205.09009
http://cds.cern.ch/record/2806574?ln=en
https://www.nikhef.nl/~pkoppenb/particles.html
http://cds.cern.ch/record/2806113
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Upgrade I

5

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

9 fb-1

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2 2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet

3 new trackers: Pixel VELO, UT, SciFi 
Upstream Tracker (UT) with US leadership 

Goal: 50 fb-1Upgrade I

HLT
Software

 𝓞(100 kHz) [𝓞(10 Gb/s)]
Events on disk

40 MHz
pp 

collisions
Detector 
readout

Upgrade I

All electronics upgraded to send every hit to           
flexible software trigger (GPUs + CPUs)

CERN-LHCC-2012-007
Real Time Analysis (RTA) of data with US leadership 

http://cds.cern.ch/record/001443882?ln=en
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Upgrade I: installed

6

PCIe40 cards with 
FPGAs & GPUs 

running HLT1

SciFi
11,000 km of 

scintillating fibers
Pixel VELO 

only 5 mm from IP

Upstream Tracker (UT)
US leadership 

Major project 
installed successfully 

and on budget

Upstream Tracker (UT)
US leadership 

Exciting physics until 2032
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Proposed Upgrade II

HL-LHC program until 2043 
LHCb program limited by detector 
→ clear case for further upgrade

7

TDR
Framework

Technical Design Report

CERN/LHCC 2021-012

LHCb TDR 23

24 February 2022

UPGRADE II
LHCb

LH
Cb 

   
      

 
 

 
 

            LH
Cb U

PG
RA

D
E II Fram

ew
ork  

 
 

 
                              CERN

/LH
CC 2021-012

Framework TDR 
  CERN-LHCC-2021-012  
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followed by sub-system TDRs 

20/05/22 The LHCb Upgrades, LHCP 2022

LHCb Upgrade II

20

Upgrade I will not saturate precision in many key observables  a further upgrade is necessary to 
fully realise the flavour-physics potential of the HL-LHC 
There is steady progress towards plans for an Upgrade II, that will operate in Runs 5 and 6. 

Now part of the CERN baseline plan. Framework TDR recently approved by LHCC.

→

[CERN-LHCC-2017-003] [CERN-LHCC-2021-012][CERN-LHCC-2018-027]
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CERN-ACC-NOTE-2018-0038 

2018-08-29 

Ilias.Efthymiopoulos@cern.ch 
 
 

LHCb Upgrades and operation at 1034 cm-2 s-1 luminosity –A first study 
 

 
G. Arduini, V. Baglin, H. Burkhardt, F. Cerutti, S. Claudet, B. Di Girolamo, R. De Maria, I. 
Efthymiopoulos, L.S. Esposito, N. Karastathis, R. Lindner, L.E. Medina Medrano, Y. Papaphilippou, 
C.Parkes, D. Pellegrini, S. Redaelli, S. Roesler, F. Sanchez-Galan, P. Schwarz, E. Thomas, A. Tsinganis, 
D. Wollmann, G. Wilkinson 
CERN, Geneva, Switzerland 
 
Keywords: LHC, HL-LHC, HiLumi LHC, LHCb, https://indico.cern.ch/event/400665 

 

Abstract 
 
Presently, the LHCb experiment at IP8 operates at reduced luminosity (~4.0 1032 cm-2 s-1) compared to 
ATLAS and CMS experiments. The LHCb collaboration is proposing an Upgrade II during HL-LHC 
operation, where the beams at IP8 will collide at high-luminosity (~1-2 1034 cm-2 s-1), comparable to the 
present high-luminosity regions IP1&IP5. The LHCb experiment aims to collect more than 300 fb-1 by 
the end of the HL-LHC operation. A feasibility study of operating IP8 at high-luminosity whilst 
preserving the performance at IP1 and IP5 and on the impact to the LHC machine and experimental 
cavern was done. Optics studies shows that solutions allowing to reach an integrated luminosity of 40 
to 50 fb-1 per year to LHCb/IP8 at the cost of a reduction of about 5% in the integrated luminosity of the 
main experiments ATLAS and CMS, under the assumption that there are no lifetime limitations besides 
burn-off, are feasible. Aspects like beam-beam effects that could have an impact on the beam lifetime 
and on the overall estimates of the integrated luminosities for LHCb and ATLAS and CMS need to be 
further studied. Energy deposition in the machine elements of the IR straight section 8 and LHC 
infrastructure and possible mitigation options were evaluated, revealing the challenges involved but also 
showing possible mitigation solutions. This is a first study with preliminary findings on the key aspects 
and a range of potential solutions for operating LHCb Upgrade II at a luminosity up to 2 1034 cm-2 s-1, 
permitting the collection of 300 fb-1 or more at IP8 during the envisaged lifetime of the LHC. Further 
studies are needed to fully validate the proposed options.  
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European Strategy Update 2020
"The full potential of the LHC and the 
HL-LHC, including the study of flavour 

physics, should be exploited” 

CERN Research Board 2019 
"The recommendation to prepare a framework TDR 
for the LHCb Upgrade-II was endorsed, noting that 

LHCb is expected to run throughout the HL-LHC era.” 
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III.A Experimental Methods 14

Table III Approximate number of b-hadrons produced and expected at the B factories (Altmannshofer et al., 2019; Bevan
et al., 2014) and at the LHCb experiment (Albrecht et al., 2019), including some of the latest developments (Béjar Alonso
et al., 2020). The LHCb numbers take into account an average geometrical acceptance of about 15%. Note that the overall B

reconstruction e�ciencies at LHCb are usually significantly lower than those at the B factories (see text). The two values of
integrated luminosities and center-of-mass energies shown for Belle and Belle II correspond to data taking at the ⌥ (4S) and
⌥ (5S) resonances, respectively. The B-factory experiments also recorded data sets at lower center-of-mass energies (below the
open beauty threshold) that are not included in this table.

Experiment BABAR Belle Belle II
LHCb

Run 1 Run 2 Runs 3–4 Runs 5–6

Completion date 2008 2010 2035 2012 2018 2032 2043

Center-of-mass energy 10.58 GeV 10.58/10.87 GeV 10.58/10.87 GeV 7/8 TeV 13 TeV 14 TeV 14 TeV

bb cross section [nb] 1.05 1.05/0.34 1.05/0.34 (3.0/3.4)⇥105 5.6 ⇥ 105 6.0 ⇥ 105 6.0 ⇥ 105

Integrated luminosity [fb�1] 424 711/121 (50/4) ⇥ 103 3 6 40 300

B
0 mesons [109] 0.47 0.77 50 100 350 2,500 19,000

B
+ mesons [109] 0.47 0.77 50 100 350 2,500 19,000

Bs mesons [109] - 0.01 0.5 24 84 610 4,600

⇤b baryons [109] - - - 51 180 1,300 9,800

Bc mesons [109] - - - 0.8 4.4 19 150

that form the hadronic final state X. The other particles in the
event also need to be reconstructed to infer the kinematics of
the undetected neutrino either from the missing energy and
momentum in the event or from the reconstruction of the
second B meson. For this reason, a good hermeticity of the
detectors is important.
Figure 5 shows schematics of the Belle and BABAR

detectors. Both detectors have a similar overall design.
They are laid out in a cylindrical geometry and feature the
following subdetector components (from inside to outside):

TABLE II. Operating parameters of the eþe− colliders running at
the ϒð4SÞ resonance. For the asymmetric-energy colliders, LER and
HER denote the low-energy eþ ring and high-energy e− ring,
respectively.

KEKB PEP-II CESR

Beam energy (GeV) LER: 3.5 LER: 3.1 5.29
HER: 8.0 HER: 9.0

Lorentz boost βγ 0.425 0.56 0
Circumference (m) 3018 2199 768
Peak luminosity (cm−2 s−1) 2.1 × 1034 1.2 × 1034 0.08 × 1034

FIG. 5. Side views of (a) the Belle and (b) BABAR detectors. The acronyms used for the subdetector components of Belle are SVD =
silicon vertex detector, CDC = central drift chamber, PID = particle identification system, TOF = time-of-flight counter, CsI = CsI crystal
calorimeter, KLM ¼ K0

L=muon system, and EFC = extreme forward calorimeter. From Abashian et al., 2002 and Aubert et al., 2002.

Jochen Dingfelder and Thomas Mannel: Leptonic and semileptonic decays of B mesons

Rev. Mod. Phys., Vol. 88, No. 3, July–September 2016 035008-10

REVIEW RESEARCH
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the process ϒ→ →+ −e e S BB(4 ) . These BB  pairs can be tagged by the 
reconstruction of a hadronic or semileptonic decay of one of the two B 
mesons, referred to as Btag. If this decay is correctly reconstructed, all 
remaining particles in the event originate from the other B decay, either 
a signal leptonic or semileptonic B decay or another B decay passing the 
selection criteria.

The BaBar and Belle collaborations have independently developed two 
sets of algorithms to tag BB  events. The hadronic tag algorithms25,26 
search for the best match between one of more than a thousand possible 
decay chains and a subset of all detected particles in the event. The 
 efficiency for finding a correctly matched Btag is unfortunately quite small, 
0.3%. The benefit of reconstructing all final state particles is that the total 
energy, Emiss, and momentum vector, pmiss, of all undetected particles of 
the other B decay can be inferred from energy and momentum 
 conservation. The invariant mass squared of all undetected particles, 

= − pm Emiss
2

miss
2

miss
2 , is used to distinguish events with one neutrino 

≈m( 0)miss
2  from events with multiple neutrinos or other missing particles 
>m( 0)miss

2 . The semileptonic tag algorithms exploit the large branching 
fractions for B decays involving a charm meson, a charged lepton and 
associated neutrino, ν→ ∗ +B D ℓ ℓ

( ) , with ℓ+ = e+, µ+. The efficiency for 
finding these tag decays is about 1%. However, the presence of the 
 neutrino leads to weaker constraints on the Btag and signal B decay.

Measurements of τ ν→ τ
− −B  decays are based on leptonic τ decays, 

τ ν ν→ τ
− −e e  and τ µ ν ν→ µ τ

− − , and on semileptonic τ decays, τ− → π−ντ 
and τ− → π−π0ντ, which together account for 70% of all τ− decays. Thus, 
the signature for signal events is a single charged particle, either a charged 
lepton, a π−, or a π− accompanied by a π0, plus a Btag.

The presence of multiple neutrinos precludes the use of kinematic con-
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able that is sensitive to backgrounds with additional photons or 
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events extend to higher values. The signal yield is determined from a fit 
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decays, corrected for the efficiency of the tag and signal B decays, is used 
to determine the τ ν→ τ

− −B  branching fraction.
As shown in Fig. 4, current measurements by the Belle27,28 and 

BaBar29,30 collaborations are of limited precision owing to very small 
signal samples and high backgrounds, and uncertainties in the Btag 
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Figure 2 | Belle and LHCb single-event displays illustrating the 
reconstruction of semileptonic B-meson decays. Trajectories of charged 
particles are shown as coloured solid lines; energy deposits in the 
calorimeters are depicted by red bars. a, The Belle display is an end view 
perpendicular to the beam axis, with the silicon detector in the centre 
(small orange circle) and the device measuring the particle velocity (dark 
purple polygon). This is a ϒ (4S) → B+B− event, with τ ν→ τ

− −B D0 , 
D0 → K−π+ and τ ν ν→ τ

− −e e, and the B+ decaying to five charged particles 
(white solid lines) and two photons. The trajectories of undetected 

neutrinos are marked as dashed yellow lines. b, The LHCb display is a side 
view, with the proton beams indicated as a white horizontal line with the 
interaction point far to the left, followed by the dipole magnet (white 
trapezoid) and the Cherenkov detector (red lines). The area close to the 
interaction point is enlarged above, showing the tracks of the charged 
particles produced in the pp interaction, the B0 path (dotted orange line), 
and its decay τ ν→ τ

∗+ −B D0 , with D*+ → D0π+ and D0 → K−π+, plus the 
µ− from the decay of a very short-lived τ−.
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Figure 3 | Extraction of the τ ν→ τ
− −B  yield from Belle data. Shown, 

for a subset of events with τ− → π−ντ candidates (solid histogram), is the 
result of a fit to the Eextra distribution (data points with statistical errors) 
for the sum of signal and backgrounds from BB  and non-BB  events27. The 
green histogram at the bottom indicates the predicted signal distribution. 
Image adapted from ref. 27, American Physical Society.
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Figure 2 Left: Side view of the Belle detector. See (Abashian et al., 2002) for further detail on the subdetectors and their
acronyms. The BABAR detector has a similar configuration. Right: view perpendicular to the beam axis. The displayed event
is reconstructed as a ⌥ (4S) ! B

+
B

� candidate, with B
�

! D
0
⌧

�
⌫⌧ , D

0
! K

�
⇡

+ and ⌧
�

! e
�

⌫⌧⌫e, and the B
+ decaying

to five charged particles (white solid lines) and two photons. The directions of undetected neutrinos are indicated as dashed
lines. From (Abashian et al., 2002; Ciezarek et al., 2017).

achieved by SuperKEKB in the Summer of 2020, BB

pairs were produced only at a rate of about 25Hz. On the
other hand, one of the significant advantages of colliding
fundamental particles like electrons and positrons is that
the initial state is fully known; i.e., nearly 100% of the
e
+
e
� energy is transferred to the BB pair. This feature

can be exploited by tagging techniques (Sec. III.C.1) that
reconstruct the full collision event and can determine the
momenta of missing particles such as neutrinos, so long
as the detectors are capable of reliably reconstructing all
of the visible particles. The BABAR and Belle detectors
managed to cover close to 90% of the total solid angle
by placing a series of cylindrical subdetectors around the

interaction point and complementing them by endcaps,
that reconstructed the particles that were ejected almost
parallel to the beam pipe. This is sketched in Fig. 2.

The specific technologies employed in both B-factory
detectors have been described in detail in (Bevan et al.,
2014). Four or five layers of precision silicon sensors
placed close to the interaction point reconstruct the de-
cay vertices of long-lived particles, as well as the first
⇡ 10 cm of the tracks left by charged particles. Forty
to fifty layers of low-material drift chambers measure the
trajectories and ionization energy loss as a function of
distance (dE/dx) of charged particles. Time-of-flight and
Cherenkov systems provide particle identification (PID)

Upgrade II: very large b-hadron samples
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Upgrade II would open an era of 
unprecedented precision

b-hadrons in acceptance

Complementing ATLAS/CMS in the search for 
a paradigm shifting discovery at the HL-LHC
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Figure 2.1: LHCb constraints from the dominant CKM observables to the apex of the unitarity
triangle (⇢̄, ⌘̄) with (left) current inputs (as of 2018) and (right) anticipated improvements with
300 fb�1 (⇠2038), assuming consistency with the SM [3]. Inputs from lattice QCD calculations
are required to obtain these constraints, with projections made for the expected future precision.

reduced theoretical uncertainties in measurements of the CP -violation parameters �s and � and
allowing for probes of NP at tree-level.

The golden SM benchmark is the CKM angle �, which can be determined with negligible
theoretical uncertainty entirely from tree-level processes such as B�

! DK� decays. There are
several complementary methods for determining �, involving di↵erent intermediate neutral D
meson decays, and their dominant systematic uncertainties arise from di↵erent sources. This
provides robustness against systematic uncertainties, with current estimates of the relevant
e↵ects indicating that systematic uncertainties will remain sub-limiting even with the full LHCb
Upgrade II statistics. The latest data from LHCb give a measurement of � with a precision of
⇠ 4� [9,10] which can be compared to the indirect precision from all other CKM inputs together
which have an uncertainty of ⇠ 1�. With LHCb Upgrade II the uncertainty will be reduced
down to ⇠ 0.35�, meaning that � will become the most precise SM benchmark of the CKM
paradigm against which all other CKM observables can be compared. The ECAL upgrade will
allow fully reconstructed B�

! D⇤K� decays to also be used, which will help to achieve the
ultimate sensitivity on �.

The prospects for measurements of |Vub| and |Vcb| with the Upgrade II detector are particularly
appealing. While Belle II will measure these quantities from both inclusive and exclusive decays
of light B mesons, LHCb has demonstrated that competitive sensitivity can be achieved with
exclusive decays of B0

s [29] and ⇤0

b [30] hadrons. Additional complementary measurements that
are currently inaccessible, e.g. those involving decays of B+

c mesons, will become feasible with the
large Upgrade II dataset. Furthermore, the planned detector improvements in Upgrade II will
greatly enhance the opportunities for Vub extraction with the B0

s ! K�µ+⌫µ decay. The removal,
or thinning, of the VELO’s RF foil will improve significantly the capability to distinguish signal
from background, while the TORCH detector will provide accurate particle identification of
the low momentum objects that typically arise in these decays. Progress in the measurement
of |Vub/Vcb| requires reduction of experimental systematic uncertainties, as well as improved
external inputs both for charm hadron branching fractions and calculations of form factors. All
of these appear achievable, based on currently available information.

A comparison of the current LHCb CKM constraints with the predicted Upgrade II sensitivity
can be seen in Fig. 2.1, showing the unprecedented precision that can be reached. A summary
of the predicted sensitivity to some key flavour observables is shown in Table 2.1.

New Physics in CP Violation. Generic new physics models often provide new sources of
CP violation, which could be related to the origin of the matter–antimatter asymmetry of the
Universe. The CP -violating weak phase �s is a particularly sensitive probe of new physics models

8

LHCb-only after Upgrade II

Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
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Figure 2.3: Projected sensitivity with LHCb Upgrade II to the parameters of CP violation
in charm mixing, |q/p| and �D, assuming the current central values of experimental observ-
ables. Contours shaded with di↵erent darknesses indicate 68.3% and 95.4% confidence levels,
corresponding to 1 and 2� respectively.

New Physics in Charm. Charm hadrons provide a unique opportunity to measure CP
violation associated with processes mediated by up-type quark transitions, such as D0–D0

mixing. These can be a↵ected by NP contributions in fundamentally di↵erent ways to the
down-type quarks that make up the kaon and beauty systems. Since the SM level of CP
violation expected in the charm system is extremely small, O(10�4), any significantly larger
asymmetry would be a clear NP signature [36]. LHCb made the first observation of CP violation
in charm decays [5] with the measured asymmetry parameter �ACP potentially consistent
with, but at the top end of, the SM predictions. Measurements with other charm species and
decays will allow us to understand whether the observed e↵ect can be explained within the
SM. LHCb has also recently established the mass di↵erence between charm mass eigenstates,
which determines the oscillation frequency, with more than 5� significance [37], paving the way
for future precision searches of associated CP -violation e↵ects. LHCb Upgrade II is the only
experiment that can achieve a detailed study of this new research area, especially since it has
the best sensitivity to the key observables related to CP violation in D0–D0 mixing. Projected
sensitivities for �ACP and for the variables A� [38] and �x [37], which are measures of CP
violation in charm mixing processes, are shown in Table 2.1. These and other measurements
can be combined to obtain constraints on the fundamental parameters of CP violation in
charm mixing, |q/p| and �D, for which extrapolations of the sensitivity are shown in Fig. 2.3.
These extrapolations assume that the measurements are not limited by irreducible systematic
uncertainties, but are otherwise conservative in that they are based on modes for which LHCb
has already published results. Significant further improvement in precision is possible using
additional modes such as D0

! K⌥⇡±⇡+⇡� [3]. With the precision on |q/p| and �D reaching
0.0020 and 0.15�, respectively, with 300 fb�1, LHCb Upgrade II is the only planned facility with
a realistic possibility of observing CP -violating phenomena in charm mixing.

New Physics in Rare Decays. The absence of tree-level FCNC transitions is a feature that
is highly specific to the SM. There is no fundamental reason or “natural” cancellation which
provides this; consequently, generic NP models often provide sources of FCNCs. Decays which
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Figure 2.4: Projected sensitivity (2� contours) with the LHCb Upgrade II detector and a total
integrated luminosity of 300 fb�1 to the real and imaginary part of the ratio of right- and
left-handed Wilson coe�cients, C 0

7
and C7, obtained with the flavio software package [54].

The contours for an integrated luminosity of 23 fb�1 corresponding to the end of Run 3 are also
shown for comparison. Constraints are shown from observables that probe the polarisation of an
on- or o↵-shell photon emitted in b ! s� transitions. The size of the uncertainties (extrapolated
assuming a

p
L scaling) are given in Table 2.1 and the central values of the observables are

arbitrarily set to the SM predictions.

couplings). The contribution from this operator in b! s`+`� decays tends to be dominant at
very low values of q2 = m2(`+`�). The combination |C7|

2 + |C 0
7
|
2 is strongly constrained by

measurements of the inclusive b ! s� branching fraction, but independent constraints on C 0
7

are
still required. Indeed, many NP models introduce new right-handed currents at high energy,
that could cause a non-zero value of C 0

7
. The ratio |C 0

7
/C7| can be determined precisely at LHCb

Upgrade II through measurement of the parameter ↵� that quantifies the polarisation of the
emitted photon in ⇤0

b ! ⇤� decays. In addition, the real and imaginary parts of C 0
7
/C7 can be

independently determined from the angular distribution of B0
! K⇤0e+e� decays at low q2, in

particular through measurements of the observables A(2)

T
and AIm

T
, and from the parameters

A
�� and S of the B0

s ! �� decay-time distribution. A projection of the achievable sensitivity,
obtained from completely di↵erent experimental approaches and extrapolating from existing
measurements [51–53], is shown in Fig. 2.4. The sensitivity that is ultimately achievable will
depend strongly on the performance of the LHCb Upgrade II ECAL in photon and electron
reconstruction.

Tests of Lepton Flavour Universality. Within the Standard Model, the couplings of the
gauge bosons to the three di↵erent flavours of charged lepton, e, µ and ⌧ , are identical. This is
not related to any fundamental axiom of the SM, but rather is an accidental symmetry. Indeed,
the only feature that distinguishes the charged leptons in the SM is their di↵erent masses (or
equivalently their Yukawa couplings to the Higgs boson). Since lepton flavour universality in the
gauge couplings is exact in the SM, and corrections due to mass e↵ects are calculable to good
precision, it provides an excellent testing group for NP theories where the universality can be
violated.

12

Achievable sensitivity will depend strongly on the 
performance of the LHCb Upgrade II ECAL in  recoγ/e

2. Operators, method and observables

2.1 b → s effective Hamiltonian

We consider the effective Hamiltonian for radiative b → s transitions [19, 20]

Heff = −
4GF√

2

(

λ(s)t H(t)
eff + λ(s)u H(u)

eff

)

+ h.c., (2.1)

with the CKM matrix combinations λ(s)q = VqbV ∗
qs, and

H(t)
eff = C1Oc

1 + C2Oc
2 +

6
∑

i=3

CiOi +
10
∑

i=7

(CiOi + Ci′Oi′),

H(u)
eff = C1(Oc

1 −Ou
1 ) + C2(Oc

2 −Ou
2 ). (2.2)

Ci(′) ≡ Ci(′)(µb) and Oi(′) ≡ Oi(′)(µb) are the Wilson coefficients and the local effec-

tive operators respectively. The contribution of H(u)
eff is usually dropped for being

doubly Cabibbo-suppressed with respect to that of H(t)
eff , but we will keep it for the

observables of interest. In eq. (2.1) we use the same operator basis as ref. [21]. We
focus our attention on the operators

O7 =
e

16π2
mb(s̄σµνPRb)F

µν , O7′ =
e

16π2
mb(s̄σµνPLb)F

µν ,

O9 =
e2

16π2
(s̄γµPLb)(%̄γ

µ%), O9′ =
e2

16π2
(s̄γµPRb)(%̄γ

µ%),

O10 =
e2

16π2
(s̄γµPLb)(%̄γ

µγ5%), O10′ =
e2

16π2
(s̄γµPRb)(%̄γ

µγ5%), (2.3)

where PL,R = (1 ∓ γ5)/2 and mb ≡ mb(µb) denotes the running b quark mass in
the MS scheme. The primed operators, with flipped chirality with respect to the

unprimed ones, are either highly suppressed or vanish in the SM. Hence,

CSM
7′ =

ms

mb
CSM

7 , CSM
9′,10′ = 0 (2.4)

In the following, we will assume that only the Wilson coefficients of the operators in
eq. (2.3) are potentially affected by NP according to our framework.

The determination of the Wilson coefficients in the Standard Model follows the

discussion in refs. [19, 20] to perform the matching at the high scale µ0 (potentially
affected by short-distance NP) and the running of the Wilson coefficients from the
high-scale down to µb, leading to SM Wilson coefficients at NNLO accuracy. The

error budget of the observables includes a variation of µb from twice to half its
central value (we take µb = 4.8 GeV). We have also checked that the variation

of the high scale µ0 yields only a tiny uncertainty on the observables. We follow
refs. [22, 23, 24, 25] and include QED corrections through five additional operators
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B+
c → τ+ν

B+
c

combinatorial background at Belle II and LHCb differ, the B backgrounds generated in
Sec. 4 are still the most important. Thus, a data sample is created containing 7000 signal
events with 18.6% purity, where the relative background fractions remain the same as those
used in Sec. 4.

Results for 50 ab�1 of e+e� data (Nsig = 7000): The four-dimensional template fit
to the B-factory sample is performed in ((cos ✓D, cos ✓L, �)Reco, BDT) variable space, where
the decay angles are calculated using the true B meson four-vector to mimic the benefit of
the hadronic tagging. The number of bins in each dimension is chosen in the same manner
as the LHCb scenario fits. The signal fraction is measured to be fsig = 0.195 ± 0.014 (7.0%
relative uncertainty) and is consistent with the input value. The uncertainties on the IX
measurements are compared to the 23 fb�1 LHCb scenario in Fig. 11. Even though the
B-factory signal yield is lower, the overall IX precision is competitive due to the higher
purity and constraint on the initial state from the tagging of the other B decay.
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Figure 11: Comparison of absolute IX coefficient statistical uncertainties in the
Nsig = 40, 000 hadron collider template fit (navy) and the Nsig = 7, 000 B-factory fit (green).
The average uncertainties over all IX coefficients are indicated by the dotted lines.

5.4 Systematic uncertainties

The dominant systematic uncertainty comes from the assumed accuracy of the templates
used to model the background. Measured branching fractions are used to define the con-
tribution from each background decay, so these are varied within their uncertainties to
determine the appropriate uncertainty. Similarly, fixed fractions are used to define the
feed-down contribution, which has not yet been confirmed experimentally and thus a 40%
variation around fD⇤⇤ = 0.11 is used. Smaller variations in the angular coefficient mea-
surements are seen when the number of bins in the weighting procedure is varied from the
default 303 binning. The total systematic uncertainties are found to be small relative to
the statistical uncertainties, even in the highest yield case. The systematic uncertainties
are shown to modestly increase the error bars in Fig. 10.
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Access to 
all angular 

coefficients

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>
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Figure 12: Diagram of the three B0 ! D⇤�⌧+⌫ decay angles.
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Detector challenge and 4D tracking

Will employ innovative 
technologies with key ingredients 

➡ Granularity 
➡ Fast timing (few tens of ps)  
➡ Radiation hardness 
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Figure 3.4: Illustration of the track density generated by 42 collisions spread over a bunch
crossing. On the left the whole bunch crossing time period is considered (⇡ 1 ns). If a time cut
of 20 ps would be applied, only a few collisions and corresponding tracks remain, as shown by
the plot on the right.

e�ciency and separation.

Addition of timing

Vertex reconstruction, and the association of heavy flavour decays to the correct primary vertex,
are of prime importance for the LHCb flavour physics program. The core resolution is dominated
by the secondary vertex (SV) resolution. However, tails in the primary vertex (PV) resolution,
for instance due to merging of vertices from separate pp interactions, also have a large e↵ect
on analyses. The higher pile-up (or, in fact, the PV density along the beam line) means the
PV separation is reduced from 4.2 mm at Upgrade I to 1.5 mm at Upgrade II. This makes it
challenging to to di↵erentiate PVs, maintain the resolution, and associate the correct PV to a
heavy flavour decay.

At the high multiplicities of the Upgrade II, the impact parameter precision becomes
progressively more important, as this variable is key to associating particles with the correct PV.
A powerful new handle To ensure the correct assignment of tracks to PVs is to exploit the the
spread in time of the vertices of approximately 180 ps [104], as illustrated in Figure 3.4 which
shows how a reduced subset of vertices can be selected by applying track timestamps.

Track time-stamping can be achieved in two ways, This first is to add precise timing to
every hit, i.e. moving to full 4D-tracking. The time information also helps to reduce the
number of combinations that need to be considered for the tracking, potentially improving the
reconstruction. The second approach is to add dedicated timing planes. These two methods are
compared in Section 3.1.3. The main requirement on the temporal resolution is to achieve a
track timestamp of 20 ps or better. Due to the fact that the 4D-tracking option has multiple
measurements per track which can be combined, this target can be achieved with individual
hit resolutions of 50 ps. For the timing plane option, single measurements need at least 25 ps
resolution and multiple layers are required.

Figure 3.5 illustrates the PV reconstruction e�ciency of the VELO Upgrade I detector
operating at Upgrade II conditions compared to the VELO Upgrade I detector operating at
Upgrade I conditions. This simulation was performed using the SA layout as described in
Section 3.1.2 however similar results would be expected for SB. It can be seen that if no
timing information is added the e�ciency drops dramatically at the higher occupancies, even
with a detector of similar precision in terms of impact parameter resolution. However, the
VELO Upgrade I performance can be recovered with the addition of timing. The figure also
illustrates the dependence on the individual hit resolution, in the case of the 4D-tracking option.
The performance is a smooth function of the timing resolution obtained. For a full discussion of
the addition of temporal measurements to the VELO detector see Ref. [105].
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Goal
Same detector performance as in Run 3

Challenge
Pile-up increases from 6 PVs to 42 PVs!

VELO tracks with 42 PVs
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Figure 3.5: Left: Reconstruction e�ciency against the number of tracks per primary vertex,
comparing the Upgrade I 3D reconstruction in Upgrade I and Upgrade II and in Upgrade II
using timing information to resolve the primary vertices (4D). The grey solid area shows the
distribution of the number of tracks per primary vertex. Right: PV reconstruction e�ciency
as as function of the single hit resolution. The dotted line shows the Upgrade I performance
(independent of timing measurement).

Systematic uncertainties

The Upgrade II physics goals are centred on precision measurements and as such require
excellent control over systematic uncertainties. The VELO design has an impact on several
types of systematic uncertainty in LHCb analyses. This impact must be considered carefully for
Upgrade II where it could ultimately limit sensitivity to physics beyond the Standard Model.
Several examples are considered here.

The absolute scale of measured decay times comes solely from knowledge of the absolute
length scale of the VELO. The most stringent requirement is set by the LHCb measurement
of the B0

s oscillation frequency, which currently has a relative z-scale uncertainty of about
2 ⇥ 10�4, a momentum-scale uncertainty of similar magnitude, and a statistical uncertainty of
about 1 ⇥ 10�3 [106]. In order for for the VELO z-scale uncertainty to remain subdominant, it
should not exceed the current value. Knowledge of the absolute length scale comes from the
surveyed positions of individual VELO modules in the VELO detector, but can be modified
by temperature dependent e↵ects, module tilts, or even radiation damage a↵ecting the cluster
barycentres within the silicon. For Upgrade I it was decided to aim for at least 20 µm position
accuracy, which is about a fraction 10�4 of the length of a typical VELO segment. The forward
detector geometry of the VELO with the majority of the material moved out of the acceptance
towards the module bases makes the mechanical stability especially challenging, and particular
care is needed in the detector survey and monitoring for the VELO Upgrade II design.

The need for excellent VELO resolution must be matched in understanding of the detector
performance and its evolution after irradiation. As an example we consider possible bias caused
by the decay-time resolution function, which is currently the largest single source of systematic
uncertainty in the determination of the CP -violation parameter �s [8]. Although it is expected
that this can be reduced in future by exploiting larger control samples, it is non-trivial to ensure
that the selected control samples appropriately represent the signal channel. Similarly, the
e�ciencies of selection requirements that depend strongly on VELO performance must be well
known to control systematic uncertainties in measurements across LHCb’s physics programme.

Finally, the VELO Upgrade II design must be developed in such a way that the detector
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Figure 3.4: Illustration of the track density generated by 42 collisions spread over a bunch
crossing. On the left the whole bunch crossing time period is considered (⇡ 1 ns). If a time cut
of 20 ps would be applied, only a few collisions and corresponding tracks remain, as shown by
the plot on the right.

e�ciency and separation.

Addition of timing

Vertex reconstruction, and the association of heavy flavour decays to the correct primary vertex,
are of prime importance for the LHCb flavour physics program. The core resolution is dominated
by the secondary vertex (SV) resolution. However, tails in the primary vertex (PV) resolution,
for instance due to merging of vertices from separate pp interactions, also have a large e↵ect
on analyses. The higher pile-up (or, in fact, the PV density along the beam line) means the
PV separation is reduced from 4.2 mm at Upgrade I to 1.5 mm at Upgrade II. This makes it
challenging to to di↵erentiate PVs, maintain the resolution, and associate the correct PV to a
heavy flavour decay.

At the high multiplicities of the Upgrade II, the impact parameter precision becomes
progressively more important, as this variable is key to associating particles with the correct PV.
A powerful new handle To ensure the correct assignment of tracks to PVs is to exploit the the
spread in time of the vertices of approximately 180 ps [104], as illustrated in Figure 3.4 which
shows how a reduced subset of vertices can be selected by applying track timestamps.

Track time-stamping can be achieved in two ways, This first is to add precise timing to
every hit, i.e. moving to full 4D-tracking. The time information also helps to reduce the
number of combinations that need to be considered for the tracking, potentially improving the
reconstruction. The second approach is to add dedicated timing planes. These two methods are
compared in Section 3.1.3. The main requirement on the temporal resolution is to achieve a
track timestamp of 20 ps or better. Due to the fact that the 4D-tracking option has multiple
measurements per track which can be combined, this target can be achieved with individual
hit resolutions of 50 ps. For the timing plane option, single measurements need at least 25 ps
resolution and multiple layers are required.

Figure 3.5 illustrates the PV reconstruction e�ciency of the VELO Upgrade I detector
operating at Upgrade II conditions compared to the VELO Upgrade I detector operating at
Upgrade I conditions. This simulation was performed using the SA layout as described in
Section 3.1.2 however similar results would be expected for SB. It can be seen that if no
timing information is added the e�ciency drops dramatically at the higher occupancies, even
with a detector of similar precision in terms of impact parameter resolution. However, the
VELO Upgrade I performance can be recovered with the addition of timing. The figure also
illustrates the dependence on the individual hit resolution, in the case of the 4D-tracking option.
The performance is a smooth function of the timing resolution obtained. For a full discussion of
the addition of temporal measurements to the VELO detector see Ref. [105].
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5D calorimetry (x, y, z, E, t)
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Radiation up to 1 MGy 
Increase central granularity  
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Figure 4.20: Schematic side view of the SpaCal configuration.

garnets and in particular GAGG appear to be the most promising choice, owing to their radiation
hardness and timing properties. Measurements of the scintillation characteristics of GAGG
fibres show light yields in the range between 27900 and 49500 photons/MeV, and scintillation
light rise and decay times of about 70 ps and 50 ns respectively [209]. The recent beam tests
with 1 mm polystyrene scintillating fibres from Kuraray (SCSF-78) also show a high light yield
of 10000 photons/MeV and a scintillation decay time of 2.8 ns.

A full Monte Carlo framework of both the SpaCal and Shashlik technologies has been
developed in which the simulation of the energy deposition is combined with ray tracing of
the optical photons generated in the Cherenkov and scintillation processes. This simulation
framework has been validated with the test beam data.

The optimisation of the granularity and the Molière radius, together with the sampling
fraction and light yield, suggests that a tungsten absorber is required in the innermost region
(>200 kGy), while lead could be used in the rest of the calorimeter. In order to maintain the
modular flexibility of the ECAL, the tungsten and lead SpaCal modules are designed with the
same dimensions of 12⇥12 cm2 as the original Shashlik modules and a total sampling depth of
25 X0. Table 4.5 summarises the characteristics of the modules envisaged in the di↵erent regions
of ECAL.

Table 4.5: Characteristics of the modules in the SpaCal, Shashlik and W-Si options. The regions
correspond to the di↵erently coloured zones in Figure 4.17 left. The parameters A and B have
units of GeV1/2 and GeV, respectively.

Region Module type Cell size Segmentation RM �E/E = A/
p

E � B
[cm2] [mm]/[X0] [mm] A/B [%]

1 SpaCal W/GAGG 1.5 ⇥ 1.5 45+105/7+18 14.5 9.1 / 1.4
2 SpaCal Pb/PS 3.0 ⇥ 3.0 80+210/7+18 29.5 10.4 / 0.6
3 Shashlik 4.0 ⇥ 4.0 Continuous fibres 35.0 10.0 / 1.0
4 Shashlik 6.0 ⇥ 6.0 Continuous fibres 35.0 10.0 / 1.0
5 Shashlik 12.0 ⇥ 12.0 Continuous fibres 35.0 10.0 / 1.0

1-5 W-Si 1 ⇥ 1 26 layers 16.1 21.2 / 0.6

Di↵erent types of prototypes have undergone extensive test campaigns with electrons at
DESY in the range 1 � 5.8 GeV and at CERN up to 120 GeV. Figure 4.21 shows that an energy
resolution of around 10%/

p
E is achieved with the Shashlik and the SpaCal W/GAGG and

Pb/PS prototypes. As the example in the plot also shows, the performance of SpaCal worsens
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20 ps

for Spacal/Shashlik technologies, as measured with test beam data. The same events are also
used to compute the significance S/

p
S + B versus signal reconstruction e�ciency as a function

of the cut on the photon energy, and with and without applying the timing cut, as shown in
Figure 4.19. In the same figure the performances in Run 2 conditions, at a single value of the
photon energy cut, and in Run 3 conditions, at di↵erent values of the photon energy cut, are
shown; no request on timing has been done in both cases. As a result, the ECAL design proposed
for Upgrade II guarantees the same performances as of Run 2 for high energy photons, such as
the ones from B0

! K⇤0� decay.
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Figure 4.18: (Left) Comparison of the time properties for signal and background candidates
in the B0

! K⇤0� simulation. Here �t is the di↵erence between the measured and expected
arrival times of the photon and �t is the time resolution, which depends on the photon energy
and the relevant ECAL region; the vertical dashed line indicates the region selected by the time
window cut. (Right) Mass spectrum for B0

! K⇤0� simulated events selected with and without
the time window applied around the expected arrival time of the photon.

We are pursuing several technological options for the upgraded calorimetry. The baseline
option combines the existing Shashlik technology in the outer region with a new technology
in the central region, where the accumulated dose is expected to exceed 40 kGy. The most
severe requirement of >200 kGy radiation tolerance can be met by crystal fibres, leading to
a so-called Spaghetti Calorimeter (SpaCal) [203,204] in the central region. The modules in a
SpaCal calorimeter consist of an absorber with an active medium of longitudinal fibres acting
both as scintillator and light-transporting medium. No wavelength-shifting fibres are required.
This configuration introduces flexibility in defining the cell size as the area over which the fibres
are read out. For the intermediate region where the radiation dose ranges from 40 kGy and
200 kGy, studies show that the SpaCal technology equipped with polystyrene plastic fibres is
adequate. R&D on the implementation of precise timing shows that the Shashlik and SpaCal
technologies, with both crystal and polystyrene fibres, have properties of light generation and
transport that make them capable of providing very good timing performance in agreement with
the aim of 15 ps at high energy as already achieved in test beam measurements. In addition, the
high occupancy in the central region motivates splitting the SpaCal modules longitudinally in
two sections at around the shower maximum. Information from the readout of both the front
and the back sections is used to achieve the best possible timing and to improve clustering,
reconstruction and particle identification. The algorithms exploit the fact that the showers are
less developed in the upstream section, meaning that the front readout su↵ers less from pile-up,
while the timing in the back section helps clusterisation over adjacent cells. Studies also show
that the longitudinal segmentation makes the SpaCal performance more robust against radiation
damage.
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Other technologies

14
Figure 4.1: Schematic side view of the Phase-II detector.

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

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

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

⇤
! D

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

(MS) and SciFi.

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

4.3 Particle identification and downstream fast-timing detectors

4.3.1 RICH system

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

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

Novel trigger system for Upgrade I  
➡ Fully software trigger (RTA) 
➡ HLT1 based on GPUs  

Similar for Upgrade II... but at 200Tb/s!  
➡ HLT2 not feasible on CPUs 

✦ Will require GPUs or FPGAs 

Challenging offline computing requirements 
➡ Upgrade I model not sustainable  
➡ Issues similar to ATLAS & CMS Phase II (Run 4) 
➡ Coordination with WLCG and HEP Software Foundation on 

mitigation 
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US involvement  

CERN Courier 

Table 6.1: Summary of the computing model parameters and main assumptions, for LHCb Upgrade I
and Upgrade II

Model assumptions
Upgrade I Upgrade II

Peak L (cm�2s�1) 2 ⇥ 1033 1.5 ⇥ 1034

Yearly integrated luminosity ( fb�1) 10 50
Logical bandwidth to tape (GB/s) 10 50
Logical bandwidth to disk (GB/s) 3.5 17.5
Running time (s) 5 ⇥ 106

Trigger rate fraction (%) 26 / 68 / 6 Full / Turbo / TurCal
Ratio Turbo/Full event size 16.7%
Ratio full/fast/param. MC 40:40:20
CPU work per event full/fast/param. MC (HS06.s) 1200 / 400 / 20
Number of simulated events 4.8 ⇥ 109/ fb�1/year
Data replicas on tape 2 (1 for derived data)
Data replicas on disk 2 (Turbo); 3 (Full, TurCal)
MC replicas on tape 1 (MDST)
MC replicas on disk 0.3 (MDST, 30% of the total dataset)

a given data taking year are assumed to span a period of six calendar years, based on the
observation that LHCb analyses typically complete several years after the data was taken. Each
LHCb analysis needs dedicated simulation samples, therefore there is a large number of them.
Simulation data are generated promptly on request. Typically, analyses will study simulated
data samples at the beginning of the analysis and then again towards the end, which can be
several months or even years later. Additional samples can be required as an analysis progresses,
to characterise specific backgrounds and estimate systematic uncertainties. The production for
each sample is not done repeatedly, but rather once as requested, and samples may be re-used by
a di↵erent analysis. An operational strategy has been tested, based on data popularity, whereby
simulated samples that are not accessed for several months are removed from disk and are then
recalled from tape on demand of the analysts. This strategy adds some operational load on the
data management activities, but seems to work to the satisfaction of the analysts. This allows
to mitigate the storage requirements for simulation data. Events are produced using either
a detailed Geant4-based simulation, or a palette of faster simulation options, ranging from
techniques [250] where the same underlying event is reused but new signal decays are generated
and simulated in detail every time, to fully parametric simulations.

A summary of the Upgrade I computing model parameters is given in Tab. 6.1.

6.2 Extrapolation to Upgrade II

The model shown in the previous section can be naively extrapolated to Upgrade II conditions
by following simple considerations. The bandwidth from online to o✏ine scales with luminosity
by a factor five for Upgrade II; this scaling factors is also applied to determine the number of
events to be simulated. Other parameters are kept unchanged, e.g. the number of disk and tape
replicas, the model for Monte Carlo simulation, the e↵ective bandwidth reduction from o✏ine
filtering and slimming, the bandwidth division between the Full, Turbo and TurCal streams.
The CPU work required for simulation and other o✏ine activities (filtering, slimming, physics
analysis) is kept constant. This thus assumes that the increased computing work due to the
major increase in event complexity is balanced by advancements in, for example, code speed-up
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Status and timeline
Support from full LHCb collaboration  

Process from FTDR to installation 
defined with LHCC  
➡ R&D underway leading to subdetector TDRs  
➡ In CERN's baseline schedule, LS4 1→2 years
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Status and Stages in Process

9Chris Parkes,  LHCb Upgrade II

• Support from full collaboration
• Process from FTDR to
installation defined with LHCC
• R&D underway leading to
subdetector TDRs
• Funding agency discussions 

underway
• Expanding collaboration

Phase LS2 LS4 Run 5 & 6
Project Approval Stages FTDR MoU
Detectors LS3 TDR LS4 TDR
Online,Trigger, Computing TDR
LS3 Infrastructure
LS3 Detector Construction Installation
LS4 Detector Construction Installation …
VELO Installation
UT Installation
MT Installation
Magnet Stations Installation
RICH Installation
TORCH Installation
ECAL Installation
Muons Installation
Online & Trigger Installation

Run 3 LS3 Run 4

One significant construction award and many R&D grants – including generic applications

In addition to contributing to the projects listed in Tab. 10.2, all institutes will participate
with common funds to the cost of the general infrastructure. Common funds will be also used
to cover the cost of the RTA processing farm and of the Online system, with the institutes
contributing to the development of the architecture and custom components of these projects
(e.g. the readout board for the Online).

Table 10.2: Expressions of interest to the detector construction, subject to funding.

Detector Countries involved
VELO BR, CERN, ES, FR, IT, NL, PL, RU, SE, UK
UT CN, FR
Magnet Stations PL, US
Mighty Tracker (SciFi + MAPS) BR, CH, DE, ES, SE, UK
RICH CERN, IT, PL, RO, SI, UK
TORCH CERN, UK, SI
ECAL AU, CERN, CN, ES, FR, HU, IT, RU, US
Muon IT, RU
RTA BR, CERN, CN, DE, ES, FR, IT, NL, PL, RU, UK, US
Online CERN, FR

10.4 Conclusions

The LHCb experiment has demonstrated the potential of flavour physics at the LHC. Over 550
publications, including milestone results in rare decays, CP violation and spectroscopy, have been
obtained. The programme has expanded beyond the core fields to a rich and diverse programme
in the forward region. The Belle II and LHCb Upgrade I experiments will take data over the
next decade, with complementary programmes and similar precision in some areas, although
LHCb is expected to dominate in some of the key observables. However, most of the primary
observables will not have reached their systematic limits and the LHCb Upgrade II experiment is
proposed to take maximal gain from the LHC. The physics programme has been independently
reviewed by the LHCC and considered in the European Strategy, and strongly supported.

The LHCb Upgrade II is a major and ambitious project, aiming to perform physics that
depends on the reconstruction of specific decay processes in collisions containing 40 primary
vertices on average. The programme is enabled by technological advances of recent years that
facilitate the use of precision timing and low-cost monolithic pixels, making this experiment
also a pathfinder for future projects beyond the LHC. This framework TDR has described the
layout and options that may allow the realisation of this detector. Following this FTDR an
extended period of R&D is foreseen leading to detailed subdetector TDRs and a Memorandum
of Understanding for the funding of this project. The construction period will then follow with
installation in LS4.

The LHC is a remarkable facility, and the LHCb Upgrade II experiment is proposed to
exploit the full forward physics potential of the HL-LHC, in flavour physics and beyond. The
LHC has already made a paradigm shifting discovery with the observation of the Higgs boson.
Arguably the highest likelihood of obtaining another result with a similarly profound impact on
our understanding of fundamental physics lies now in the flavour sector.
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Funding agency discussions underway 
➡ UK already committed to funding their Upgrade II fair share

Collaboration expanding, and 
new members are welcome
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Costs and US contribution

US interest in ECAL and RTA in Upgrade II 
➡ Also Magnet stations for LS3 

Expected US contribution currently ~5% of project cost 

Interest from Brookhaven National Lab and other 
institutions to join Upgrade II effort 
➡ Currently DOE/OHEP does not support LHCb 
➡ Additional contributions proportional to increase of US membership 

National lab infrastructure could be extremely 
beneficial for LHCb Upgrade II construction 
➡ Installation in 2033-34, following completion of final ATLAS/CMS 

upgrade in 2026-28
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• Provide an excellent charged-hadron identification performance, one of the key characteris-
tics of the LHCb experiment. The capabilities may extend to somewhat higher momenta
than previously, due to the much improved space and time resolutions, and to strong
reduction of optical and chromatic uncertainties in the RICH systems (Sec. 4.2). These
characteristics will allow the performance of Upgrade I to be matched or exceeded across
the mid-momentum range of RICH 1 and RICH 2. Performant charged-hadron identifi-
cation capabilities will be achieved even at lower momenta thanks to the addition of the
TORCH detector (Sec. 4.3);

• Ensure optimal electron and muon identification capabilities up to the highest expected
peak luminosities, thanks to the new ECAL detector with higher granularity and added
timing capability (Sec. 4.4), and to the largely refurbished Muon detector (Sec. 4.5);

• Obtain with the upgraded ECAL a good e�ciency for reconstructing final states with
photons and ⇡0’s.

The detector performance requires an online and trigger infrastructure capable of handling the
unprecedented data throughput and to process, select and store the events of interest in real-time.
As described in Chapter 5, this challenge will be undertaken through the further development
of the software trigger architecture designed for Run 3. The future system will aim to make
usage of heterogeneous computing and specialised co-processors at the di↵erent stages of the
data processing.

The scenario described above will allow full benefit to be taken of the potential of the
HL-LHC for flavour physics in the forward region, within the bounds of the detector technology
evolution that can be reasonably expected in the next years. The capability to function at
high occupancy will facilitate the collection of the largest possible data sample, while the new
detector’s attributes will expand its sensitivity to a wider range of physics signatures. The cost
estimates for the baseline design of all subsystems, as provided in the previous chapters, are
listed in Tab. 10.1.

Table 10.1: Cost estimates for all subsystems to be installed at LS4 in baseline scenario.

Detector Baseline
(kCHF)

VELO 14800
UT 8900
Magnet Stations 2300
MT-SciFi 22400
MT-CMOS 19500
RICH 15600
TORCH 9900
ECAL 34800
Muon 7100
RTA 17400
Online 8900
Infrastructure 13500
Total 175100

The total cost envelope for the baseline design amounts to ⇠ 175 MCHF. This is significantly
larger than for the previous version of the detector. The LHCb Upgrade II is a heavily revised

166

Preliminary estimates in FTDR 
(European accounting), 

primarily based on Upgrade I
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Summary

LHCb had enormously successful Runs 1 and 2 
➡ Key US contributions 

Upgrade I installed → major project on budget 
➡ Key US leadership 

Clear case for Upgrade II to fully exploit HL-LHC 
➡ Complementing ATLAS/CMS in the search for discoveries 

Broad support and growing interest 
➡ Additional support from DOE/OHEP would be very beneficial
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Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2039 2040 2041 2042

9 fb-1 Goal: 50 fb-1

Upgrade I
Goal: 300 fb-1

Upgrade IIUpgrade Ib
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Prospects for selected flavor observables 

20

Table 10.1: Summary of prospects for future measurements of selected flavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
RK (1 < q2 < 6 GeV2c4) 0.1 [274] 0.025 0.036 0.007 –
RK⇤ (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 –
R�, RpK , R⇡ – 0.08, 0.06, 0.18 – 0.02, 0.02, 0.05 –

CKM tests
�, with B0

s ! D+
s K� (+17

�22
)� [136] 4� – 1� –

�, all modes (+5.0
�5.8)

� [167] 1.5� 1.5� 0.35� –
sin 2�, with B0 ! J/ K0

S
0.04 [609] 0.011 0.005 0.003 –

�s, with B0
s ! J/ � 49 mrad [44] 14 mrad – 4 mrad 22 mrad [610]

�s, with B0
s ! D+

s D�
s 170 mrad [49] 35 mrad – 9 mrad –

�ss̄s
s , with B0

s ! �� 154 mrad [94] 39 mrad – 11 mrad Under study [611]
as

sl
33 ⇥ 10�4 [211] 10 ⇥ 10�4 – 3 ⇥ 10�4 –

|Vub|/|Vcb| 6% [201] 3% 1% 1% –

B0
s ,B

0!µ+µ�

B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) 90% [264] 34% – 10% 21% [612]

⌧B0
s!µ+µ� 22% [264] 8% – 2% –

Sµµ – – – 0.2 –

b ! c`�⌫̄l LUV studies
R(D⇤) 0.026 [215,217] 0.0072 0.005 0.002 –
R(J/ ) 0.24 [220] 0.071 – 0.02 –

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10�4 [613] 1.7 ⇥ 10�4 5.4 ⇥ 10�4 3.0 ⇥ 10�5 –
A� (⇡ x sin�) 2.8 ⇥ 10�4 [240] 4.3 ⇥ 10�5 3.5 ⇥ 10�4 1.0 ⇥ 10�5 –
x sin� from D0 ! K+⇡� 13 ⇥ 10�4 [228] 3.2 ⇥ 10�4 4.6 ⇥ 10�4 8.0 ⇥ 10�5 –
x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10�5 (K0

S
⇡⇡) 1.2 ⇥ 10�4 (K3⇡) 8.0 ⇥ 10�6 –
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LHCb Upgrade II will 
significantly exceed the 
precision of Belle II for 

the majority of 
observables of interest, 
not only for B decays to 

charged final states 
involving hadrons and 
dimuons, and charm 
physics, but also for 

decays involving 
electrons, single neutrals, 
and semi-leptonic modes 

Physics case 
CERN-LHCC-2018-027

http://cds.cern.ch/record/2636441/files/Physics_II_cases_final.pdf
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LHCb sweet spot for many flavor measurements
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The LHCb experiment
GPD with focus on flavor physics 
➡ 25% of  production with 4% of solid angle 

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

Excellent secondary vertex 
reconstruction 

PID: π, K, p, µ

bb̄
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ALPS2017, 17-21 April 2017, Austria 

Current LHCb detector

Federico Alessio 2

Atlas/CMS

LHCb

Acceptance

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

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

• catching 40% of heavy quark production cross-section

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

9 impact parameter resolution 20 μm for high-pT tracks

9 decay time resolution 45 fs for Bs Æ J/˵ ˳ and Bs Æ Ds ˭

Muon
Charged hadron

Electron
pKπ

pKπ

If there is no 
other option

High precision
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LHCb environment busier than B-factories
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LHC 
pp collisions have background 
from  hadronization, 
underlying event, and pileup

bb̄

pp → XbB0
s X

ν (1.2 GeV)

µ- (3 GeV)
ρ0 → π+π-

B-factories 
Clean  collisions only 

produce two B mesons  
(for the most part)

e+e−

e+e− → B+
tag B−

sig
B− → ρ0μ−νμB0

s → μ+μ−
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Vertexing and isolation key to LHCb

24

B mesons can fly ~cm 
thanks to large boost 

Superb vertexing by 
VELO 

➡ Only 8.2 mm from IP, reduced to 
5.1 mm in upgrade

pp → XbB0
s X

B0
s → μ+μ−

Marco Santimaria /22LHC seminar 03/2021

5000 5500 6000
]2c [MeV/−µ+µm

0

10

20

30

40

)2 c
C

an
di

da
te

s /
 ( 

27
.5

 M
eV

/ Data
Total

−µ+µ→s
0B

−µ+µ→0B
γ−µ+µ→s

0B
−'h+h→B

µνµh→bX
−µ+µ)+0(π→

0(+)B
Combinatorial

LHCb
1−9 fb

 0.5≥BDT 

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: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200

5

Mass fit result

18

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

[LHCB-PAPER-2021-007]

Preliminary

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σMultivariate algorithms ensure tracks isolated 

➡ Based on track impact parameter, other variables
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Baseline ECAL
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mirror

Ø Radiation tolerant up to 40-50 kGy

US LHCb UII Workshop 17 March 2023 Andreas Schopper 3

Baseline - the Picosecond scintillating sampling Calorimeter

Ø Scintillator-Pb sandwich with WLS fiber R/O
Ø WLS fiber bundle readout by PMT
Ø Single or double sided R/O possible

Ø Scintillating fibers hosted in an absorber 
Ø Light collected via lightguide, readout by PMT
Ø Single or double sided R/O possible

Ø Two technologies for different radiation requirements: Shashlik and SPACAL

SPACAL-
W/GAGG

ü Fibers: 
Ø crystal 
Ø organic

ü Absorber:
Ø tungsten
Ø lead

SPACAL (SPAghetti CALorimeter)

Ø Radiation hard up to 1MGy
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Baseline ECAL granularity
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US LHCb UII Workshop 17 March 2023 Andreas Schopper 5

Baseline configuration of the PicoCal

Radiation limit of current Shashlik technology (40 kGy)

Keep current Shashlik technology for region <40 kGy:
Ø Take advantage of timing properties with improved new WLS fibers 
Ø Long. segmentation (double-sided readout) for timing and reconstruction
Introduce new SPACAL technology for region >40 kGy:
Ø 1 MGy region with scintillating crystal-fibres & W-absorber: SPACAL-W

ü Development of radiation-hard scintillating crystals
ü W-absorber for 1.5x1.5 cm2 cell size

Ø 40-200 kGy region with scintillating plastic-fibres & Pb-absorber: SPACAL-Pb
ü R&D on radiation-tolerant organic scintillators
ü Pb-absorber for 3x3 cm2 cell sizeComparison of current and Upgrade II 

calorimeter layouts at L = 1.5 x 1034 cm-2s-1

Ø occupancies manageable due to increased granularity 
and rhombic shape

Ø few 10th of ps-timing allows for pile-up mitigation

Current ECAL Upgrade II configuration

Note: For consolidation during Long Shutdown 3 (LS3)
Ø scintillating plastic-fibres & W-absorber
Ø 2x2 cm2 cell size

US LHCb UII Workshop 17 March 2023 Andreas Schopper

Status of ECAL Upgrade II
à Status of LHCb PicoCal

LHCb ECAL Upgrade R&D Group

beam-plug

SPACAL-W

SPACAL-Pb

Shashlik

US contribution to LHCb's Upgrade II workshop

LHCb in collaboration with 
Crystal Clear, supported by EP 
R&D (WP3.2, WP3.2.1)

Material taken from ECAL UII Orsay workshop and from topical R&D ECAL UII Friday meetings
à Disclaimer: Cannot possibly go in detail through everything, but included many details for reference & discussion

Countries that declared interest in FTDR: 
AU, CERN, CN, ES, FR, HU, IT, (RU), US

0

US LHCb UII Workshop 17 March 2023 Andreas Schopper

Position resolution as function of cell sizes

Ø Shower sharing between cells allows for 
precise position reconstruction 

Ø Simulation of entire ECAL
in Upgrade II configuration

Ø Position resolution extracted from 
simulation studies of single photon clusters  
of Shashlik and SpaCal modules                       
as function of cell size

ü Achieve position resolutions of ≤ 1 mm               
in the most inner region of the ECAL

Simulation of PicoCal

LHCb TDR 23
CERN/LHCC 2021-012 

30

US LHCb UII Workshop 17 March 2023 Andreas Schopper
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Detailed Monte Carlo simulation of all different technology

Ø Geant4 simulation of energy deposit and parametrized transport for scintillation photons
ü Gain in computation time by factor 100

Ø Particle flux from full LHCb simulation can be included
Ø Different module types (SPACAL-W, SPACAL-Pb, Shashlik)
Ø Parametrized response of photon detector (e.g. PMT)

Ø Simulation validated with      
test beam data up to 100 GeV

Ø Used for all physics
benchmarking studies

LHCb TDR 23
CERN/LHCC 2021-012 

Energy resolution 

26

à Contributions to simulation efforts most welcome!
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DMAPs
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Conclusion

50

� DMAPS in HR/HV-CMOS processes have huge potential for future particle 
physics experiments
വ Reduced material thickness (50 ʅm)
വ Small pixel size (50 ʅm x 50 ʅm)
വ More cost effective (~£100k/m2)
വ Fast charge collection by drift (15 ns time resolution)
വ Good radiation tolerance (1015 1MeV neq/cm2)

� Quite a few experiments are interested in DMAPS
വ Mu3e (first application of DMAPS)
വ ATLAS ITk upgrade (cancelled)
വ LHCb Mighty Tracker upgrade
വ CLIC
വ CERN-RD50 (detector R&D)

� Seǀeƌaů ƉƌŽƚŽƚǇƉeƐ aŶd ͞Ɖƌe-ƉƌŽdƵcƚŝŽŶ͟ deƚecƚŽƌƐ deǀeůŽƉed fŽƌ ƚheƐe 
experiments

� Detector R&D to further develop its performance done within CERN-RD50

7 November 2019 ʹ Warwick E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

Monolithic pixel detectors ʹ Depleted MAPS

13

� Sensor and readout electronics on single wafer 
in standard High Resistivity/High Voltage-CMOS 
(HR/HV-CMOS) 

വ Reduced material thickness (50 ʅm)

വ Small pixel size (50 ʅm x 50 ʅm)

വ In-pixel amplification

വ More cost effective (~£100k/m2)

വ Larger bias voltage (Vbias)
o Fast charge collection by drift (15 ns 

time resolution)
o Good radiation tolerance (1015 1MeV 

neq/cm2)

7 November 2019 ʹ Warwick E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

വ One limitation: The chip size is in principle limited to 2 cm x 2 cm, although 
stitching options are being investigated

� Next generation
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, ϕs H → cc̄

CP violating phase  
➡ Sensitive to new physics 

✦ Small and well predicted in SM  

➡ Upgrade II sensitivity below SM prediction in multiple 
channels  

Leverage world-leading VELO to set most 
stringent constraint on Higgs to charm 

➡ Currently set limit at 80  at 8 TeV 

➡ With 300 fb-1 at 14 TeV → 7  
✦ Improved VELO, electron performance, ML could push it to 2

ϕs

yc
SM

yc
SM

yc
SM
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Figure 2.2: Projected sensitivity at LHCb for CKM angle �s using various di↵erent decay modes.
The SM prediction and its uncertainty [31], calculated using latest experimental results [32], is
also shown as the grey band.

as it is both extremely small and very precisely predicted in the SM, so that even small NP
contributions can be detected. The SM predictions come from the CKM benchmarks mentioned
in the previous section, where current data give �s = 37 ± 1mrad. LHCb currently dominates
the world average for direct measurements of �s using B0

s ! J/ � [8], and a range of other
channels mediated by the b ! cc̄s quark-level transition, but the precision is still insu�cient to
determine if this phase deviates from its SM prediction. Figure 2.2 demonstrates that with the
Upgrade II dataset the uncertainty on the determination of �s crosses the important threshold
of the SM prediction in several decay modes. Moreover the combined precision of all b ! ccs
modes will be of the same order of magnitude as the current SM uncertainty.

The phase �s can also be determined from decays to final states that proceed through pure
loop processes such as B0

s ! �� and B0
s ! K⇤0K⇤0. These decays are very challenging to study

but have excellent sensitivity to new physics. Many of the di�culties that arise when trying to
interpret results in a NP context can be resolved using a simultaneous analysis of related B0

decays such as B0
! �K⇤0 and B0

! K⇤0K⇤0; this approach will become feasible only with the
Upgrade II statistics. The projections for these modes are also shown in Fig. 2.2.

A further theoretically clean approach to search for CP -violating NP is through the parameters
of CP -violation in B0

(s)–B0

(s) mixing. These are denoted ad,s
sl

since they are typically determined

using semileptonic decays, and are precisely predicted to be tiny in the SM [33] while being
highly sensitive to NP that could enter the mixing loops. Copious signal yields will be available
in the B0

(s) ! D�
(s)µ

+⌫µ channels, and the main challenge will be to control potential systematic
uncertainties due to production, detection and background asymmetries. These can, however,
be determined from control samples, and therefore extrapolation of the sensitivity from existing
results [34, 35] is possible. These measurements will provide unique null tests of the SM.

9

0

200

400

600

800

1000

)udsg|bcBDT(
-1 -0.5 0 0.5 1

)c|b
B

D
T(

-1

-0.5

0

0.5

1
LHCb data

+jetD

light parton
charm

beauty

Initial (no-tagging) sample: 
70% light parton, 22% charm, 8% beauty.

b|c BDT
1

j
1− 0.5− 0 0.5 1

b|
c

 B
D

T
2j

1−

0.5−

0

0.5

1

1.5
 = 8 TeVsLHCb simulation preliminary 

)b b→(0W/Z+H

)c c→(0W/Z+H

b|c BDT
1

j
1− 0.5− 0 0.5 1

b|
c

 B
D

T
2j

1−

0.5−

0

0.5

1

1.5
 = 8 TeVsLHCb simulation preliminary 

)b b→(0W/Z+H

)c c→(0W/Z+H

LHCb Simulation

Figure 8.3: (left) From a b-jet and c-jet enriched data sample of Ref. [432], the 2-D SV-tagger
BDT response per-jet observed in data (annotation added here to show roughly where jets of
each type are found). (right) From Ref. [444], the SV-tagger BDT that separates b and c for the
sub-leading versus leading jet for V H(bb̄, cc̄) assuming SM-like Yukawa couplings.

experiments. Their measurements of the W mass are however limited by theoretical uncertainties
in the modelling of W and Z boson production in pp collisions.

In Ref. [443] it was pointed out that a measurement of the W mass with the LHCb experiment
would be highly desirable due to the complementary lepton acceptance 2 < ⌘ < 5, which implies
a partial anti-correlation between the PDF uncertainties as compared to the central-rapidity
ATLAS and CMS experiments. It was estimated that the O(107) W events of the Run 2 dataset
could yield a mW measurement with a statistical precision of around 10 MeV. A measurement at
forward rapidities presents several additional advantages. For example heavy-flavour annihilation
contributions to W and Z production are substantially smaller than at central rapidities. The
boson pT spectra tend to be softer which implies a more direct relation between mW and the
charged lepton pT spectrum. While the large rapidity W and Z bosons carry high intrinsic
physics value, they are produced with a smaller cross section compared to the central experiments.

The Upgrade II samples will permit a statistical precision of a few MeV and can impose
tight in situ constraints on the systematic uncertainties associated to the W production model.
The upgraded ECAL will allow a similarly precise measurement with orthogonal experimental
uncertainties using W ! e⌫ decays. These capabilities will be crucial in the realisation of the
ultimate precision on mW with the LHC.

8.5 Measurement of Higgs decays to cc̄

In Run 1, LHCb developed a powerful heavy-flavour jet-tagging procedure [432] that leveraged
the world-leading performance of the VELO. This method employed two Boosted Decision
Trees (BDTs): one to separate heavy-flavour jets from those initiated by light partons, and
one to separate beauty jets from charm jets. The e�ciency for identifying b-jets and c-jets is
roughly 65% and 25%, respectively, with ⇡ 0.3% probability for misidentifying a light-parton
jet as originating from heavy flavour. More importantly for H ! cc̄ sensitivity, there is clear
separation between b-jets and c-jets in the 2-D BDT plane (see Fig. 8.3). This jet-tagging
algorithm was used to study Wb and Wc [426], Wbb̄ and Wcc̄ [415] production, and to make
the first observation of top-quark production in the forward region [414], all using Run 1 data,
and for a study of top-quark production using Run 2 data [416]. A similar measurement of Zc

96
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dXkXR GBF2HB?QQ/ }i mbBM; ".hR �M/ mcorr

AM i?Bb b2+iBQM- i?2 `2bmHib QM i?2 HBF2HB?QQ/ }ib BM i?2 (".hR,mcorr) bT�+2 Bb
/Bb+mbb2/X 6Bib �`2 /QM2 7Q` i?2 `2+QMbi`m+iBQM 2{+B2M+B2b HBbi2/ BM i�#H2 dXRX �M
2t�KTH2 Q7 � iQv bim/v 7Q` εrec = 88% Bb b?QrM BM };m`2 dXRX 6Q` #Qi? bB;M�Hb-
i?2 MmK#2` Q7 iQvb T2` #BM Bb b?QrM p2`bmb i?2 bB;M�H 7`�+iBQM- mM+2`i�BMiv �M/
TmHHX h?2 /�i� +�M #2 r2HH /2b+`B#2/ #v :�mbbB�M }ib- r?B+? �`2 b?QrM BM `2/X

6Q` � }i iQ #2 `2HB�#H2- i?2 K2�M �M/ bi�M/�`/ /2pB�iBQM Q7 i?2 TmHH b?QmH/
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"XR Q7 �TT2M/Bt "X JQbi `2bmHib �`2 +QKT�iB#H2 rBi?BM RX8σ- r?B+? Bb +QMbB/2`2/
`2HB�#H2 BM i?Bb bim/vX h?2 B+

c @`2bmHi 7`QK i?2 }i Bb MQi `2HB�#H2 7Q` εrec = 84%c
i?2 B+@`2bmHi 7`QK i?2 }i Bb MQi `2HB�#H2 7Q` εrec = 84% �M/ εrec = 99%X 6Q` i?2
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Q7 i?2 :�mbbB�M }i Q7 i?2 7`�+iBQM �M/ mM+2`i�BMivX

6B;m`2 dXk b?Qrb i?2 T`QD2+iBQM Q7 i?2 }i 7Q` εrec = 88%- i?mb +Q``2bTQM/BM;
iQ i?2 iQv bim/v BM };m`2 dXRX Ai b?Qrb i?2 �#bQHmi2 vB2H/ BM #BMb Q7 +Q``2+i2/
K�bb +Q``2bTQM/BM; iQ �M BMi2;`�i2/ HmKBMQbBiv Q7 Ry 7#−1X Sb2m/Q@/�i� Bb ;2M@
2`�i2/ #�b2/ QM i?2 iQi�H S.6- �7i2` r?B+? i?2 }i Bb T2`7Q`K2/ �M/ #�b2/ QM
i?2 Tb2m/Q@/�i�X 6Bi T`QD2+iBQMb �`2 p2`v bBKBH�` 7Q` Qi?2` 2{+B2M+B2bX h?2 QMHv
/Bz2`2M+2 Bb i?2 iQi�H #�+F;`QmM/ vB2H/- �b QMHv εrec Bb /Bz2`2MiX

h?2 T`Q+2/m`2 /2b+`B#2/ �#Qp2 7Q` εrec = 88% Bb /QM2 7Q` 2p2`v 2{+B2M+v
HBbi2/ BM i�#H2 dXRX h?2 +Q``2H�iBQM #2ir22M PB+

c
�M/ PB+ Bb �TT`QtBK�i2Hv

kdW 7Q` �HH }ib �M/ i?2`27Q`2 HQr 2MQm;? iQ �pQB/ KBMBKBx�iBQM T`Q#H2KbX h?2

6B;m`2 dXk, h?2 T`QD2+iBQM Q7 i?2 irQ@/BK2MbBQM�H HBF2HB?QQ/ }i QM i?2 +Q``2+i2/
K�bb 7Q` εrec = 88%X h?2 �#bQHmi2 #�+F;`QmM/ vB2H/ +Q``2bTQM/b iQ �M BMi2;`�i2/
HmKBMQbBiv Q7 Ry 7#−1 �M/ BR(B+ → D0 π+π+π−) = 1X

9d

5.6σ for Bc → τν

9.6σ for B → τν
10 fb-1 of LHCb 

Run 3

Bc → τν
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Bc → τν
Bc

J. de Jong, Master thesis University of Groningen (2022)

Relies on VELO hits left by the  mesonB+
(c)

Feasibility study fitting , assuming 
, worst-case scenario, εrec = 88%

mcorr × BDT1
ℬℱ (B+ → D0πππ)
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Very clean way to study possible 
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