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• Flavour physics at the LHC 
• Precise tests of the SM  

to reveal possible new  
physics effects

LHCb Detector
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•Large UK contributions 
• VELO 
• RICH 1 and 2 
• Offline computing



20/11/2020Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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UK prominence within the collaboration
• LHCb consists of 87 institutes (11 from UK) from 18 countries 

• Leading ~half of the physics and operations working groups

Strong presence in senior management positions 
• Spokesperson - Chris Parkes 
• Collaboration board chair - Val Gibson 
• Operations coordinator - Silvia Gambetta 
• Editorial board chair - Franz Muheim 
• Speakers bureau chair - Stefania Ricciardi

The UK continually maintains strong leadership positions across the collaboration
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Recent results
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2018 (6.5 TeV): 2.19 /fb
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

• Total data sample from LHCb Run 1 and 2 
• ~9 fb-1 good for physics 

• Focus today on a few recent  
UK-led results 
• UK interests cover most of the  

physics programme of LHCb
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• Huge progress in recent years primarily by LHCb 
• Measurements of the CKM matrix and unitarity triangle 
• First observation of CP violation in the charm sector

CP violation
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• New measurements this year of the CKM angle  
• Led by contributions from UK institutes 
• Run 2 target precision of 4o achieved, with more to come 

CP violation
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• Time-dependent CP violation in              meson decays 
• First observation and ~instant confirmation of this phenomenon!

CP violation
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Figure 8: Distributions of the K+K� invariant mass (top left), decay time for tagged B0
s mesons
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for the B0
s ! K+K� decays. The individual components are shown for the invariant mass

spectrum while only background-subtracted candidates are shown in the decay time spectrum.
The fit results to the di↵erent distributions are overlaid.

The PID e�ciencies and misidentification probabilities govern the amount of cross-feed571

backgrounds below the signals. A systematic uncertainty related to their calibration572

is determined by repeating the fit to data changing those values according to their573

uncertainties estimated from the calibration samples.574

The e↵ect of ignoring the small fraction of B
0

s candidates coming from decays of the575

B
+

c meson is studied by injecting simulated B
+

c ! B
0

sX decays (where X stands for any576

additional particle in the final state) into the pseudoexperiments, where the relative B
+

c577

yield is determined from Ref. [64]. No systematic uncertainty is estimated for the B
0 since578

the B
+

c ! B
0
X decay is Cabibbo suppressed.579

Systematic uncertainties associated with the calibration of the OS and SSc flavour-580

tagging responses are determined using an alternative relation between ⌘OS(SS) and the581
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B0
s − B̄0

s

modes. Otherwise, the fit strategy is identical to that discussed in the previous section.329

Figure 4 shows the decay-time distribution and mixing asymmetries together with the fit330

projections. The mixing asymmetries for D�
s
K+⇡+⇡� and D+

s
K�⇡�⇡+ final states are331

shifted with respect to each other indicating mixing-induced CP violation, cf. Eq. (13).332

The CP coe�cients Cf , A��

f
, A��

f̄
, Sf and Sf̄ determined from the fit are reported in333

Table 2. They are converted to the physical observables r,, � and � � 2�s in Sec. 7.334
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Figure 4: Decay-time distribution of (left) background-subtracted B0
s ! D⌥

s K
±⇡±⇡⌥ candidates

and (right) dilution-weighted mixing asymmetry along with the model-independent fit projections
(solid lines). The decay-time acceptance (left) is overlaid in an arbitrary scale (dashed line).

Table 2: CP coe�cients determined from the phase-space fit to the B0
s ! D⌥

s K
±⇡±⇡⌥ decay-time

distribution. The uncertainties are statistical and systematic (discussed in Sec. 6).

Fit parameter Value

Cf 0.631 ± 0.096 ± 0.032

A��

f
�0.334 ± 0.232 ± 0.097

A��

f̄
�0.695 ± 0.215 ± 0.081

Sf �0.424 ± 0.135 ± 0.033

Sf̄ �0.463 ± 0.134 ± 0.031

5.2 Time-dependent amplitude analysis335

To perform the time-dependent amplitude fit, a signal PDF is employed which replaces336

the phase-space integrated decay rate with the full decay rate given in Eq. (10), but is337

otherwise identical to the PDF used in Sec. 5.1. Variations of the selection e�ciency over338

the phase space are incorporated by evaluating the likelihood normalisation integrals with339

the Monte Carlo (MC) integration technique using fully simulated decays [29,77–79].340

The light meson spectrum comprises a large number of resonances potentially contribut-341

ing to the B0

s
! D⌥

s
K±⇡±⇡⌥ decay in various decay topologies and angular momentum342

configurations. The full list of considered intermediate-state amplitudes can be found in343

Table B.1. A significant complication arises from the fact that two (quasi-independent)344
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tagging. The maximum likelihood fit is explained in Sect. 8. The results and systematic
uncertainties for the B0

s
! J/ K+K� channel are given in Sections 9 and 10, the results

for the B0

s
! J/ ⇡+⇡� channel are given in Sect. 11 and finally the combined results are

presented in Sect. 12. Charge conjugation is implied throughout the paper.

2 Phenomenology

The B0

s
! J/ K+K� decay proceeds predominantly via B0

s
! J/ � with the � meson

subsequently decaying to K+K�. In this case there are two intermediate vector particles
and the K+K� pair is in a P-wave configuration. The final state is then a superposition
of CP -even and CP -odd states depending upon the relative orbital angular momentum of
the J/ and the �. The phenomenological aspects of this process are described in many
articles, e.g., Refs. [13, 14]. The main Feynman diagrams for B0

s
! J/ K+K� decays

are shown in Fig. 2. The e↵ects induced by the sub-leading penguin contributions are
discussed, e.g., in Ref. [15]. The same final state can also be produced with K+K� pairs
in an S-wave configuration [16]. This S-wave final state is CP -odd. The measurement
of �s requires the CP -even and CP -odd components to be disentangled by analysing the

2
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• Tensions between measurements and the standard model 
• Most prevalent in rare and semi-leptonic B meson decays 

• Update from                         decays 
• Added the 2016 data sample  
• Tension with the standard model  

increased slightly but still around 
• More to come - 2017 and 2018 data! 

• Similar picture in  
• Full run 1+2 analysis 
• Similar      tension with the SM

Flavour anomalies

B0 → K*0μ+μ−

3σ
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• Unique LHCb dataset has created a new golden age of spectroscopy 
• All kinds of beauty and charm hadrons produced at the LHC 
• Pre LHCb - quarks in twos and threes, now also in fours and fives 

• Around 50 first observations of new states

Discovering new states

Science Bulletin 2020 65(23)1983-1993 Phys. Rev. Lett. 122, 222001 (2019)

4 charm quarks 5 quarks

• As well as 
• Many charm mesons 
• Many charm baryons 
• Beauty mesons 
• Beauty baryons 
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• Unique LHCb dataset has created a new golden age of spectroscopy 
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Additional component

•             spectrum 
• Two first observations  
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UK ledDiscovering new states
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• Unique LHCb dataset has created a new golden age of spectroscopy 
• All kinds of beauty and charm hadrons produced at the LHC
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arXiv:2009.00025, arXiv:2009.00026

•                            decays 
• Large, unexpected peak in                   
• Quark content           — must be exotic 
• Best fit requires two new states 

m(D−K+)
B+ → D+D−K+

c̄ds̄u

UK ledDiscovering new states

Will appear in PRL & PRD very soon 
with a PRD Editor’s Suggestion2.5 3 3.5
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• Plenty of results to come with strong UK involvement 
• Lepton flavour universality tests 
• Lepton flavour violation tests 
• Charm mixing and time-dependent CP violation 
• Electroweak physics 
• Top physics 
• Higgs physics 
• Exotica

… and much, much more

LHCb has become a GPD in the forward region
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• LHCb was a huge success 
• Surpassed core physics programme goals and measured things no one expected 
• Time to double our data sample is now too long - must upgrade the detector

Moving forwards

is of the utmost importance because it is so di�cult to make first-principle predictions of the
excitation spectrum and widths of such multi-quark states due to the nonperturbative nature of
QCD. The Upgrade II dataset will provide a huge boost in sensitivity to searches, with many
approaches that are currently inaccessible becoming within reach.

QCD and Electroweak physics. LHCb’s geometry and momentum coverage provide access
to a kinematic region that is inaccessible at other LHC experiments. This has enabled a unique
programme of electroweak and QCD measurements, particularly in muonic W and Z decays, at
the current experiment that were not foreseen in its original design. These play an important
role in both direct measurement of electroweak quantities but also in improving the uncertainties
relating to knowledge of gluon parton distribution functions (PDFs) which are important inputs
to Higgs analyses and NP searches at ATLAS and CMS. These various measurements will
continue to be important into the Upgrade era and, with planned improvements to the LHCb
ECAL during Upgrade Ib and Upgrade II, the sensitivity to electronic decays will be increased
dramatically. With the Upgrade II dataset LHCb is projected to: measure the W mass with a
precision of a few MeV; place the most stringent constraint at the HL-LHC, of ⇠ 2ySM, on the
very rare H ! cc decay; determine the inclusive tt production cross-section to ⇠ 4% precision.
There are also opportunities for NP searches involving dark photons, a proposed force mediator
which couples to dark matter and mixes with the SM photon. With the Upgrade II dataset,
LHCb will be able to either confirm or rule out the presence of a dark photon in nearly all of
the relevant parameter space.

Summary. The current LHCb experiment is established as the world’s leading flavour physics
facility. Results from the LHC to date continue to demonstrate that SM e↵ectively describes
phenomena up to an energy scale of O(1 TeV). However there must be physics beyond the SM
and there are strong reasons to believe that it will be accessible with the improved sensitivity
that will be made possible with LHCb Upgrade II. The HL-LHC era o↵ers an opportunity to
collect an unprecedented data sample for dedicated heavy flavour measurements. In addition to
the vastly increased data sample, improvements in the LHCb Upgrade II detector will enable
access to several new observables and reduce the uncertainties of other key measurements to
levels below their theory predictions. Compared to the sensitivity at the end of LHCb Upgrade I
(50 fb�1), results from LHCb Upgrade II will improve the energy scale reach by a factor of 1.6,
corresponding roughly to the gain that would be achieved at the energy frontier by increasing
the LHC pp collision energy from 13 to 21TeV but at a fraction of the cost. The current and
anticipated future uncertainties for some key flavour observables are summarised in Table 1.

Observable Current LHCb (5 fb�1) Upgrade Ia (23 fb�1) Upgrade Ib (50 fb�1) Upgrade II (300 fb�1)
CKM tests
� 4� 1.5� 1� 0.35�

�s 49 mrad 14 mrad 10 mrad 4 mrad
|Vub|/|Vcb| 6% 3% — 1%

Charm
�ACP 2.9 ⇥ 10�4 1.7 ⇥ 10�4 — 3.0 ⇥ 10�5

A� 2.8 ⇥ 10�4 4.3 ⇥ 10�5 — 1.0 ⇥ 10�5

Rare Decays
Sµµ — — — 0.2
RK 0.1 0.025 0.017 0.007
RK⇤ 0.1 0.031 0.021 0.008

Table 1: Anticipated uncertainties at future upgrades of LHCb for some key flavour observables [4].

11

Excellent upgrade detectors will allow us to do even more
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• The pre-pandemic plan… 

• … and now? 
• Now expect Run 3 to begin in early 2022 
• Run 3 extended to include the full year of 2024 
• LHCb is currently on schedule to meet this new timeline 
• The situation (LHC, LHCb) is subject to change in the coming months

Timelines

1 Executive summary

1.1 Overview

2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 …	

LHC	

Upgrade	Ia	 Upgrade	Ib	 Upgrade	II	

Run	3	 LS3	 LS4	

HL-LHC	 Run	4	 Run	5	LS3	 LS4	

Figure 1.1: Timeline of accelerator and experiment operations over the decade 2021 to 2031. The periods
of operations of the LHC and HL-LHC are indicated and the long shutdowns (LS). The LHCb operational
periods are shown with gaps where the detector consolidation and upgrades discussed in this document
occur. The running period of Belle II, the other major international flavour-physics facility, is also shown.

It is widely recognised in the particle physics community that the complementary approaches
of the energy and intensity frontier must both be utilised in the search for physics beyond the
Standard Model. The European Strategy for Particle Physics in 2013 emphasised the need for
flavour physics as a key element of the programme. The LHCb experiment has demonstrated
emphatically that the LHC is an ideal laboratory for quark-flavour physics.

The LHCb Upgrade II programme [1] aims to make full use of the capabilities of a forward
acceptance detector during the High Luminosity LHC (HL-LHC) operational period. Foremost
in the physics programme, are the possibilities of the experiment in its core areas of CP violation
and rare decays in flavour physics. Two chapters of the document are also dedicated to its
capabilities in forward and high-pT physics and in spectroscopy. Opportunities in other areas of
physics are described in an appendix.

The timeline of operations and major shutdowns of the LHC, HL-LHC, LHCb and Belle II
are illustrated in Fig. 1.1. The LHCb Upgrade I is currently under construction and will start
data taking in 2021 after LHC Long Shutdown 2 (LS2). LHCb Upgrade II will be installed
during LS4, with operations beginning in LHC Run 5 which is scheduled to start in 2031. This
Upgrade II experiment will operate at instantaneous luminosities of up to 2 ⇥ 1034 cm�2 s�1, an
order of magnitude above Upgrade I. LHCb will accumulate a data sample corresponding to
a minimum of 300 fb�1. New attributes, installed in LS3 and LS4, will enhance the detector’s
capabilities to a wider range of physics signatures.

Consolidation of the LHCb Upgrade I detector is required during LS3. Preparatory work for
Upgrade II will be performed at this time making best use of the extended shutdown period.
These changes are known as Upgrade Ib. LHCb will continue data taking at an instantaneous
luminosity of 2 ⇥ 1033 cm�2 s�1 until LS4.

The HL-LHC starts operations after LS3. It is expected that the Belle II experiment [2] will

1
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LHCb upgrade I
• Looks similar to LHCb… 
• This is a major detector  

upgrade 
• New tracking detectors 
• Full readout replacement 
• Remove hardware trigger 
• Run at 5x higher lumi 

• UK focus 
• Vertex Locator (VELO) 
• PID (RICH 1 and 2) 
• Offline computing
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LHCb upgrade I - VELOModule Production
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• New silicon pixel detector 
• Closer to the beam - 5.1mm 

compared to 8.1mm 
• Improved IP resolution 
• Strips  41 million pixels 
• Micro-channel cooling 
• 40MHz readout 

• On track to be ready 
• Module shown from  

Manchester post  
lockdown

→

UK led
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• Looks similar to LHCb… 
• This is a major detector  

upgrade 
• New tracking detectors 
• Full readout replacement 
• Remove hardware trigger 
• Run at 5x higher lumi 

• UK focus 
• Vertex Locator (VELO) 
• PID (RICH 1 and 2) 
• Offline computing

20

LHCb upgrade I - RICH
• RICH 1 

• New optics 
• New photon detectors 

• RICH 2 
• New photon detectors 
• Associated support  

mechanics 

•On track 
• New electronics tested 

during Run 2

UK led
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• Upgrade I just the beginning 
• Support from CERN and the new  

European strategy for flavour  
physics in the HL-LHC era and beyond 

• Submitted funding request  
for UK involvement 
• PPRP request for 3 years R&D funding  
• Followed by construction, installation,  

commissioning and operation

LHCb future upgrade II

Current involvement and R&D from individual  
grants and small amounts of CG effort  
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Major developments  
from the 2013 Strategy

$�� 6LQFH�WKH�UHFRPPHQGDWLRQ�LQ�WKH������6WUDWHJ\�WR�SURFHHG�ZLWK�WKH�SURJUDPPH�
RI�XSJUDGLQJ�WKH�OXPLQRVLW\�RI�WKH�/+&��WKH�+/�/+&�SURMHFW��ZDV�DSSURYHG�E\�WKH�
&(51�&RXQFLO�LQ�-XQH������DQG�LV�SURFHHGLQJ�DFFRUGLQJ�WR�SODQ��,Q�SDUDOOHO��WKH�/+&�
KDV�UHDFKHG�D�FHQWUH�RI�PDVV�HQHUJ\�RI����7H9��H[FHHGHG�WKH�GHVLJQ�OXPLQRVLW\��DQG�
SURGXFHG�D�ZHDOWK�RI�UHPDUNDEOH�SK\VLFV�UHVXOWV��%DVHG�RQ�WKLV�SHUIRUPDQFH��FRXSOHG�
ZLWK�WKH�LQQRYDWLYH�H[SHULPHQWDO�WHFKQLTXHV�GHYHORSHG�DW�WKH�/+&�H[SHULPHQWV�DQG�
WKHLU�SODQQHG�GHWHFWRU�XSJUDGHV��D�VLJQLÀFDQWO\�HQKDQFHG�SK\VLFV�SRWHQWLDO�LV�H[SHFWHG�
ZLWK�WKH�+/�/+&��7KH�UHTXLUHG�KLJK�ÀHOG�VXSHUFRQGXFWLQJ�1E�6Q�PDJQHWV�KDYH�
EHHQ�GHYHORSHG��The successful completion of the high-luminosity upgrade of 
the machine and detectors should remain the focal point of European particle 
physics, together with continued innovation in experimental techniques. The 
IXOO�SK\VLFV�SRWHQWLDO�RI�WKH�/+&�DQG�WKH�+/�/+&��LQFOXGLQJ�WKH�VWXG\�RI�ÁDYRXU�
physics and the quark-gluon plasma, should be exploited. 

%�� 7KH�H[LVWHQFH�RI�QRQ�]HUR�QHXWULQR�PDVVHV�LV�D�FRPSHOOLQJ�VLJQ�RI�QHZ�
SK\VLFV��7KH�ZRUOGZLGH�QHXWULQR�SK\VLFV�SURJUDPPH�H[SORUHV�WKH�IXOO�VFRSH�RI�WKH�ULFK�
QHXWULQR�VHFWRU�DQG�FRPPDQGV�VWURQJ�VXSSRUW�LQ�(XURSH��:LWKLQ�WKDW�SURJUDPPH��WKH�
1HXWULQR�3ODWIRUP�ZDV�HVWDEOLVKHG�E\�&(51�LQ�UHVSRQVH�WR�WKH�UHFRPPHQGDWLRQ�LQ�WKH�
�����6WUDWHJ\�DQG�KDV�VXFFHVVIXOO\�DFWHG�DV�D�KXE�IRU�(XURSHDQ�QHXWULQR�UHVHDUFK�DW�
DFFHOHUDWRU�EDVHG�SURMHFWV�RXWVLGH�(XURSH��Europe, and CERN through the Neutrino 
Platform, should continue to support long baseline experiments in Japan and the 
United States. In particular, they should continue to collaborate with the United 
States and other international partners towards the successful implementation of 
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino 
Experiment (DUNE).

General considerations
for the 2020 update

$�� �(XURSH��WKURXJK�&(51��KDV�ZRUOG�OHDGHUVKLS�LQ�DFFHOHUDWRU�EDVHG�SDUWLFOH�
SK\VLFV�DQG�UHODWHG�WHFKQRORJLHV��7KH�IXWXUH�RI�WKH�ÀHOG�LQ�(XURSH�DQG�EH\RQG�GHSHQGV�
RQ�WKH�FRQWLQXLQJ�DELOLW\�RI�&(51�DQG�LWV�FRPPXQLW\�WR�UHDOLVH�FRPSHOOLQJ�VFLHQWLÀF�
SURMHFWV��7KLV�6WUDWHJ\�XSGDWH�VKRXOG�EH�LPSOHPHQWHG�WR�HQVXUH�(XURSH·V�
FRQWLQXHG�VFLHQWLÀF�DQG�WHFKQRORJLFDO�OHDGHUVKLS� 

%�� 7KH�(XURSHDQ�RUJDQLVDWLRQDO�PRGHO�FHQWUHG�RQ�FORVH�FROODERUDWLRQ�EHWZHHQ�
&(51�DQG�WKH�QDWLRQDO�LQVWLWXWHV��ODERUDWRULHV�DQG�XQLYHUVLWLHV�LQ�LWV�0HPEHU�DQG�
$VVRFLDWH�0HPEHU�6WDWHV�LV�HVVHQWLDO�WR�WKH�HQGXULQJ�VXFFHVV�RI�WKH�ÀHOG��7KLV�KDV�
SURYHQ�KLJKO\�HIIHFWLYH�LQ�KDUQHVVLQJ�WKH�FROOHFWLYH�UHVRXUFHV�DQG�H[SHUWLVH�RI�WKH�
SDUWLFOH��DVWURSDUWLFOH�DQG�QXFOHDU�SK\VLFV�FRPPXQLWLHV��DQG�RI�PDQ\�LQWHUGLVFLSOLQDU\�
UHVHDUFK�ÀHOGV��$QRWKHU�PDQLIHVWDWLRQ�RI�WKH�VXFFHVV�RI�WKLV�PRGHO�LV�WKH�FROODERUDWLRQ�
ZLWK�QRQ�0HPEHU�6WDWHV�DQG�WKHLU�VXEVWDQWLDO�FRQWULEXWLRQ��The particle physics 
community must further strengthen the unique ecosystem of research centres 
in Europe. In particular, cooperative programmes between CERN and these 
research centres should be expanded and sustained with adequate resources in 
order to address the objectives set out in the Strategy update. 

&�� 7KH�EURDG�UDQJH�RI�IXQGDPHQWDO�TXHVWLRQV�LQ�SDUWLFOH�SK\VLFV�DQG�WKH�
FRPSOH[LW\�RI�WKH�GLYHUVH�IDFLOLWLHV�UHTXLUHG�WR�DGGUHVV�WKHP��WRJHWKHU�ZLWK�WKH�QHHG�
IRU�DQ�HIÀFLHQW�XVH�RI�UHVRXUFHV��KDYH�UHVXOWHG�LQ�WKH�HVWDEOLVKPHQW�RI�D�JOREDO�
SDUWLFOH�SK\VLFV�FRPPXQLW\�ZLWK�FRPPRQ�LQWHUHVWV�DQG�JRDOV��7KLV�6WUDWHJ\�WDNHV�
LQWR�DFFRXQW�WKH�ULFK�DQG�FRPSOHPHQWDU\�SK\VLFV�SURJUDPPHV�EHLQJ�XQGHUWDNHQ�E\�
(XURSH·V�SDUWQHUV�DFURVV�WKH�JOREH�DQG�RI�VFLHQWLÀF�DQG�WHFKQRORJLFDO�GHYHORSPHQWV�LQ�
QHLJKERXULQJ�ÀHOGV��The implementation of the Strategy should proceed in strong 
FROODERUDWLRQ�ZLWK�JOREDO�SDUWQHUV�DQG�QHLJKERXULQJ�ÀHOGV�
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• Strong UK involvement 
• VELO, RICH 
• TORCH, Mighty tracker 
• Data processing 
• Management 

• Upgrade II 
• Increase luminosity by 

a further factor of 10

LHCb future upgrade II

Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the

6

Mighty 
tracker
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• Huge challenge with ~50 interactions per bunch crossing 
• Use timing information to assign tracks to the correct primary vertex 
• Precision of <50ps can reduce 20% mis-association to ~5% 
• LGAD technology under study in partnership with Micron Semiconductors (UK) 
• Remove or reduce the RF foil - improve resolution and limit material interactions

LHCb future upgrades - VELO

34

Future Upgrades: VELO

Figure 2.3: Example event containing a B0 → π+π− candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

this can be reduced to ∼ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction efficiency and fake rate can be addressed by decreasing the pixel pitch
from the current 55µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation
of detector material and use of timing information.

The high occupancies in Upgrade II necessitate replacing the inner part of the T-stations
with a high granularity silicon detector, with the large area covered by scintillating fibres as
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B0 � π+π � event
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Correct and fast assignment of tracks to primary vertices critical for LHCb(a)
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm−2s−1

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

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Approximate VELO upgrade performance

Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2×1034 cm−2s−1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2× 1033 cm−2s−1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

Radiation environment

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

23

Remove
RF foil

RF foil material be reduced or
removed: improves resolution, 
reduces material interactions

Reduce pixel size < 55 !m in
inner Part

4d detector:
Timing with precision < 50 ps

Extra dimension of timing 
reduces wrong PV assignment
from 20 % to 5 % (similar to now)

Also speeds up pattern recognition 

SlideManuel Franco Sevilla LHCb upgrades I and II

VELO, ECAL upgrades
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F igure 4.13: Impact of t iming informat ion on assigning E C A L clusters to P V s: (a) number of incorrect
ver t ices passing select ion; (b) efficiency of select ion vs. number of incorrect ver t ices.

t he first steps of which are ou t lined in Sec. 5.5. T he choice of scint illator will be made after a
careful evaluat ion of t he possible effects of radia t ion. O ne possible geomet ry is to embed t he
wavelengt h shifters in chamfers a t t he corner of t he cells, t hereby avoiding t he need to drill holes
in t he t ungsten plates. Such an approach, based on t he pioneering work described in R ef. [120]
is sketched in F ig. 4.14(a). A not her interest ing possibili ty is to dispense wi t h wavelengt h shifters
and employ clear light-guides to improve t he resul t ant photon yield. T hese light guides could be
const ructed of quar t z to improve t he radiation hardness of t he module. T his solu t ion is shown
schemat ically in F ig. 4.14(b).

Modules const ructed of small t ungsten cells, and cont aining silicon planes, are expected to
be rat her robust against radiat ion damage. T he exact sampling rat io of t he cells need to be
st udied, such t hat t his robust ness is op t imised whilst at t he same t ime sat isfying t he resolu t ion
requirements discussed above. I t may be necessary to plan for t he replacement of t he innermost
modules after a couple of years of dat a t aking. T his operat ion will be relat ively st raight forward
in L H C b t hanks to t he detector’s open geomet ry, al t hough dedica ted tooling will need to be
developed.

Hadron calorimeter

T he primary purpose of t he H adron C alorimeter ( H C A L ) is to give inpu t to t he hardware-t rigger
decision in t he current detector, and also t he so-called L L T (low level t rigger) of t he P hase-I
U pgrade. However t he L L T is only expected to be required in t he early years of R un 3, when
t he H L T is st ill being commissioned, and hence t he H C A L can be removed after t his period. A s
described in Sec. 4.3.4, t he liberated space can be used for augment ing t he muon fil ter.

4.3.4 Muon system

T he muon system for t he P hase-I U pgrade will consist of four st at ions, labelled M2 t hrough to
M5, equipped wi t h M W P C s. St at ion M2 is located direct ly behind t he calorimeter and t he ot her
t hree st at ions are embedded in t he muon fil ter, as shown in F ig. 4.15. E ach st at ion is divided
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F igure 4.11: R econst ructed resolved π0 candidates in R un-2 minimum-bias dat a, divided into sub-samples
wi t h different numbers of reconst ructed primary ver t ices (NPV). T he mass resolu t ion and signal-to-
background ra t io (S/B) is indicated for each sub-sample. T he select ion requires pT(γ) > 300 M eV/c and
pT(π0) > 550 M eV/c.

Table 4.3: R esolu t ions in M e V /c2 on t he π0 mass as determined from t rue π0 → γγ decays in L H C b
simula t ion, where t he photons are sub jected to G aussian smearing on t he energy resolut ion of t he form
σE/E = σS/

√
E( G e V ) ⊕ σC . R esul ts are shown for t he case where t he spat ial informat ion on t he photon

impact point is ob t ained from current cluster informat ion, and wi t h perfect knowledge.

Spat ial informat ion Perfect spat ial
from clusters knowledge

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

Candidate technologies for the Phase-II ECAL

A sui t able technology to meet t he challenging requirements of t he P hase-I I E C A L is a modular
sampling-calorimeter based on a t ungsten or t ungsten-alloy absorber. I t should be around 25 X0

in dep t h, as is t he current detector, in order to cont ain t he elect romagnet ic showers induced by
par t icles from b-hadron decays, and hence will be significant ly t hinner in longi t udinal ex tent
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F igure 4.11: R econst ructed resolved �0 candidates in R un-2 minimum-bias da t a, divided into sub-samples
wi t h di � erent numbers of reconst ructed primary ver t ices ( NPV). T he mass resolu t ion and signal-to-
background ra t io (S / B ) is indicated for each sub-sample. T he select ion requires pT( � ) > 300 M eV/ c and
pT(�0) > 550 M eV/ c.

Table 4.3: R esolu t ions in M e V / c2 on t he �0 mass as determined from t rue �0 � � � decays in L H C b
simula t ion, where t he photons are sub jected to G aussian smearing on t he energy resolut ion of t he form
� E / E = � S /

√
E ( G e V ) � � C . R esul ts are shown for t he case where t he spa t ial informat ion on t he photon

impact point is ob t ained from current cluster informat ion, and wi t h perfect knowledge.

Spat ial informat ion Perfect spa t ial
from clusters knowledge

� C � C
� S 1% 2% 1% 2%

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

Candidate technologies for the Phase-II ECAL

A sui t able technology to meet t he challenging requirements of t he P hase-I I E C A L is a modular
sampling-calorimeter based on a t ungsten or t ungsten-alloy absorber. I t should be around 25 X 0
in dep t h, as is t he current detector, in order to cont ain t he elect romagnet ic showers induced by
par t icles from b-hadron decays, and hence will be significant ly t hinner in longi t udinal ex tent
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Figure 7: Reconstructed resolved π0 candidates in minimum-bias data, divided into events with
one (left) and four (middle) reconstructed primary vertices (N P V ). Right: Number of incorrect
vertices included in the ECAL window for events with µ = 50.

2.3 Fast timing for the electromagnetic calorimeter upgrade

Taking full advantage of the flavor physics opportunities at the High-Luminosity LHC (HL-
LHC) will require a further upgrade of the LHCb detector during LS4 (2030). The inner triplet
magnets that focus the proton beams before the interaction region at LHCb are rated for a
nominal integrated luminosity of 300 fb−1 (perhaps more after ongoing studies of the radiation
damage are completed), so a phase-II upgrade of the LHCb detector that would make it possible
for that much data to be recorded by the time the HL-LHC winds down in the late 2030’s has
been proposed [43]. This upgrade would allow the instantaneous luminosity to be increased by
a factor of 50 with respect to the current design luminosity, and a factor of 10 with respect
to the instantaneous luminosity expected after LS2. This luminosity increase would result in
an average number of proton-proton interactions per bunch crossing µ of about 50. While the
ATLAS and CMS detectors have been taking a significant part of their data with µ larger than
50 since 2016 without major problems, it is much more di � cult to do so in the forward direction
where LHCb operates because of the poorer vertex z-resolution of tracks that are almost collinear
with the beamline. Thus, the phase-II upgrade will have to include a much improved ability of
distinguishing particles coming from di � erent pp collisions in the same bunch crossing. This will be
especially important for the ECAL, which would see a very rapid degradation of the performance
for neutral particle reconstruction at high µ. This is illustrated in Fig. 7 left and middle. This
figures shows that even with just four pp interactions per event the signal-to-background ratio
under the π0 peak becomes 4.5 times worse than that in events with just one pp collision.

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

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

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

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

identification requires precise timing

! Large increase in physics reach

Example of timing to help associate correct primary vertex (in VELO)
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm � 2s � 1

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

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2×1034 cm � 2s � 1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2× 1033 cm � 2s � 1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

R adia t ion env i ron ment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve sufficient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm � 2s � 1

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

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2×1034 cm � 2s � 1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2× 1033 cm � 2s � 1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

R adia t ion env i ron ment

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

Vertex separation 
with fast timing

ECAL 
Improved granularity, 
timing of ~50 ps, 
possible in upgrade Ib

Figure 5.8: Distribution of occupancy across current ECAL. The solid lines indicate the inner, middle
and outer regions. The dotted horizontal lines indicate the region that could be modified during LS3.

modules in turn placed in the outer region (if necessary, it will be possible to manufacture
additional modules at the original production centres). This rearrangement of modules would be
performed in the horizontal band in which the particle flux is highest, and hence would reduce
the occupancy throughout. This scheme is sketched in Fig. 5.8. In b-hadron decays to final states
involving a single π0 meson emitted within the acceptance, the photons fall into this horizontal
band with around 50% probability. The timing information that will become available in the
inner region will suppress with high efficiency background from pile-up interactions during the
µ = 5 operation of Run 4. Therefore, the proposed intervention will both lay the foundations for
the full Phase-II ECAL, and also bring a significant improvement in physics performance for
Run 4, which will be invaluable in preparing the physics programme of the high-luminosity era.

Initial R&D will pursue in parallel the pure calorimeter aspects of the module design, and
also the fast-timing capabilities provided by the silicon planes. Concerning the former, the first
priorities will include the optimisation of the scintillating-light output and the performance
of different scintillators and light-guide materials; the construction of module prototypes and
evaluation in test beams; and radiation hardness tests. The silicon studies will focus on
performance versus different wafer thicknesses and geometry, the evaluation of various readout
solutions, and the optimal location of the planes within the module.
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VELO: PERFORMANCE
• Reconstructed vertices in the detector: 

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

• e.g. reconstruct  

• Modules and foil are clearly visible in the data.

γ � e + e �

K0
S � π + π �

43

VELO 
Improved granularity, thinner RF foil, 
timing better than 200 ps
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Future Upgrades: VELO

Figure 2.3: Example event containing a B0 → π+π− candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

this can be reduced to ∼ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction efficiency and fake rate can be addressed by decreasing the pixel pitch
from the current 55µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation
of detector material and use of timing information.

The high occupancies in Upgrade II necessitate replacing the inner part of the T-stations
with a high granularity silicon detector, with the large area covered by scintillating fibres as

11

B0 � π+π � event
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Correct and fast assignment of tracks to primary vertices critical for LHCb(a)
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm−2s−1

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

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2×1034 cm−2s−1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2× 1033 cm−2s−1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve sufficient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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reduces wrong PV assignment
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Also speeds up pattern recognition 

SlideManuel Franco Sevilla LHCb upgrades I and II

VELO, ECAL upgrades

!20

PROJECT DESCRIPTION 11

(a)

 Number of incorrect vertices included in window 
0 20 40 60

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

]

0

5

10

15

20

25

30

35

40

Single plane resolution 20 ps  
Single plane resolution 50 ps  

No timing information  

0 2 4 6 8
0

10

20

30

40

(b)

Mean number of incorrect vertices in window
0 5 10 15

Ef
fic

ie
nc

y 
[%

]

0

20

40

60

80

100

Single plane resolution of 20 ps

Single plane resolution of 50 ps

F igure 4.13: Impact of t iming informat ion on assigning E C A L clusters to P V s: (a) number of incorrect
ver t ices passing select ion; (b) efficiency of select ion vs. number of incorrect ver t ices.

t he first steps of which are ou t lined in Sec. 5.5. T he choice of scint illator will be made after a
careful evaluat ion of t he possible effects of radiat ion. O ne possible geomet ry is to embed t he
wavelengt h shifters in chamfers at t he corner of t he cells, t hereby avoiding t he need to drill holes
in t he t ungsten pla tes. Such an approach, based on t he pioneering work described in R ef. [120]
is sketched in F ig. 4.14(a). A not her interest ing possibili ty is to dispense wi t h wavelengt h shifters
and employ clear light-guides to improve t he resul t ant photon yield. T hese light guides could be
const ructed of quar t z to improve t he radiation hardness of t he module. T his solu t ion is shown
schemat ically in F ig. 4.14(b).

Modules const ructed of small t ungsten cells, and cont aining silicon planes, are expected to
be rat her robust against radiat ion damage. T he exact sampling rat io of t he cells need to be
st udied, such t hat t his robust ness is op t imised whilst at t he same t ime sat isfying t he resolu t ion
requirements discussed above. I t may be necessary to plan for t he replacement of t he innermost
modules after a couple of years of dat a t aking. T his operat ion will be rela t ively st raight forward
in L H C b t hanks to t he detector’s open geomet ry, al t hough dedicated tooling will need to be
developed.

Hadron calorimeter

T he primary purpose of t he H adron C alorimeter ( H C A L ) is to give inpu t to t he hardware-t rigger
decision in t he current detector, and also t he so-called L L T (low level t rigger) of t he P hase-I
U pgrade. However t he L L T is only expected to be required in t he early years of R un 3, when
t he H L T is st ill being commissioned, and hence t he H C A L can be removed after t his period. A s
described in Sec. 4.3.4, t he liberated space can be used for augment ing t he muon fil ter.

4.3.4 Muon system

T he muon system for t he P hase-I U pgrade will consist of four st at ions, labelled M2 t hrough to
M5, equipped wi t h M W P C s. St at ion M2 is located direct ly behind t he calorimeter and t he ot her
t hree st at ions are embedded in t he muon fil ter, as shown in F ig. 4.15. E ach st at ion is divided
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F igure 4.11: R econst ructed resolved π0 candida tes in R un-2 minimum-bias da t a, divided into sub-samples
wi t h different numbers of reconst ructed primary ver t ices (NPV). T he mass resolu t ion and signal-to-
background ra t io (S/B) is indicated for each sub-sample. T he select ion requires pT(γ) > 300 M eV/c and
pT(π0) > 550 M eV/c.

Table 4.3: R esolu t ions in M e V /c2 on t he π0 mass as determined from t rue π0 → γγ decays in L H C b
simula t ion, where t he photons are sub jected to G aussian smearing on t he energy resolut ion of t he form
σE/E = σS/

√
E( G e V ) ⊕ σC . R esul ts are shown for t he case where t he spa t ial informat ion on t he photon

impact point is ob t ained from current cluster informat ion, and wi t h perfect knowledge.

Spat ial informa t ion Perfect spa t ial
from clusters knowledge

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

Candidate technologies for the Phase-II ECAL

A sui t able technology to meet t he challenging requirements of t he P hase-I I E C A L is a modular
sampling-calorimeter based on a t ungsten or t ungsten-alloy absorber. I t should be around 25 X0

in dep t h, as is t he current detector, in order to cont ain t he elect romagnet ic showers induced by
par t icles from b-hadron decays, and hence will be significant ly t hinner in longi t udinal ex tent
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F igure 4.11: R econst ructed resolved �0 candidates in R un-2 minimum-bias da t a, divided into sub-samples
wi t h di � erent numbers of reconst ructed primary ver t ices ( NPV). T he mass resolu t ion and signal-to-
background ra t io (S / B ) is indicated for each sub-sample. T he select ion requires pT( � ) > 300 M eV/ c and
pT(�0) > 550 M eV/ c.

Table 4.3: R esolu t ions in M e V / c2 on t he �0 mass as determined from t rue �0 � � � decays in L H C b
simula t ion, where t he photons are sub jected to G aussian smearing on t he energy resolut ion of t he form
� E / E = � S /

√
E ( G e V ) � � C . R esul ts are shown for t he case where t he spa t ial informat ion on t he photon

impact point is ob t ained from current cluster informat ion, and wi t h perfect knowledge.

Spa t ial informa t ion Perfect spa t ial
from clusters knowledge

� C � C
� S 1% 2% 1% 2%

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

Candidate technologies for the Phase-II ECAL

A sui t able technology to meet t he challenging requirements of t he P hase-I I E C A L is a modular
sampling-calorimeter based on a t ungsten or t ungsten-alloy absorber. I t should be around 25 X 0
in dep t h, as is t he current detector, in order to cont ain t he elect romagnet ic showers induced by
par t icles from b-hadron decays, and hence will be significant ly t hinner in longi t udinal ex tent
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Figure 7: Reconstructed resolved π0 candidates in minimum-bias data, divided into events with
one (left) and four (middle) reconstructed primary vertices (N P V ). Right: Number of incorrect
vertices included in the ECAL window for events with µ = 50.

2.3 Fast timing for the electromagnetic calorimeter upgrade

Taking full advantage of the flavor physics opportunities at the High-Luminosity LHC (HL-
LHC) will require a further upgrade of the LHCb detector during LS4 (2030). The inner triplet
magnets that focus the proton beams before the interaction region at LHCb are rated for a
nominal integrated luminosity of 300 fb−1 (perhaps more after ongoing studies of the radiation
damage are completed), so a phase-II upgrade of the LHCb detector that would make it possible
for that much data to be recorded by the time the HL-LHC winds down in the late 2030’s has
been proposed [43]. This upgrade would allow the instantaneous luminosity to be increased by
a factor of 50 with respect to the current design luminosity, and a factor of 10 with respect
to the instantaneous luminosity expected after LS2. This luminosity increase would result in
an average number of proton-proton interactions per bunch crossing µ of about 50. While the
ATLAS and CMS detectors have been taking a significant part of their data with µ larger than
50 since 2016 without major problems, it is much more di � cult to do so in the forward direction
where LHCb operates because of the poorer vertex z-resolution of tracks that are almost collinear
with the beamline. Thus, the phase-II upgrade will have to include a much improved ability of
distinguishing particles coming from di � erent pp collisions in the same bunch crossing. This will be
especially important for the ECAL, which would see a very rapid degradation of the performance
for neutral particle reconstruction at high µ. This is illustrated in Fig. 7 left and middle. This
figures shows that even with just four pp interactions per event the signal-to-background ratio
under the π0 peak becomes 4.5 times worse than that in events with just one pp collision.

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

NSF-PHY proposal 2018 M. Franco Sevilla, University of Maryland
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Upgrade II

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

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

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

identification requires precise timing

! Large increase in physics reach

Example of timing to help associate correct primary vertex (in VELO)
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm � 2s � 1

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

Improving PV misassociation with timing

PV matching vs. time resolution

! Mismatching increases with degrading time resolution as expected
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Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2×1034 cm � 2s � 1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2× 1033 cm � 2s � 1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

R adia t ion env i ron ment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve sufficient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2×1034 cm � 2s � 1

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking efficiency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.
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! Mismatching increases with degrading time resolution as expected
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of the Phase-I Upgrade VELO at 2× 1033 cm � 2s � 1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

R adia t ion env i ron ment

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

Vertex separation 
with fast timing

ECAL 
Improved granularity, 
timing of ~50 ps, 
possible in upgrade Ib

Figure 5.8: Distribution of occupancy across current ECAL. The solid lines indicate the inner, middle
and outer regions. The dotted horizontal lines indicate the region that could be modified during LS3.

modules in turn placed in the outer region (if necessary, it will be possible to manufacture
additional modules at the original production centres). This rearrangement of modules would be
performed in the horizontal band in which the particle flux is highest, and hence would reduce
the occupancy throughout. This scheme is sketched in Fig. 5.8. In b-hadron decays to final states
involving a single π0 meson emitted within the acceptance, the photons fall into this horizontal
band with around 50% probability. The timing information that will become available in the
inner region will suppress with high efficiency background from pile-up interactions during the
µ = 5 operation of Run 4. Therefore, the proposed intervention will both lay the foundations for
the full Phase-II ECAL, and also bring a significant improvement in physics performance for
Run 4, which will be invaluable in preparing the physics programme of the high-luminosity era.

Initial R&D will pursue in parallel the pure calorimeter aspects of the module design, and
also the fast-timing capabilities provided by the silicon planes. Concerning the former, the first
priorities will include the optimisation of the scintillating-light output and the performance
of different scintillators and light-guide materials; the construction of module prototypes and
evaluation in test beams; and radiation hardness tests. The silicon studies will focus on
performance versus different wafer thicknesses and geometry, the evaluation of various readout
solutions, and the optimal location of the planes within the module.
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VELO: PERFORMANCE
• Reconstructed vertices in the detector: 

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

• e.g. reconstruct  

• Modules and foil are clearly visible in the data.

γ � e + e �

K0
S � π + π �

43

VELO 
Improved granularity, thinner RF foil, 
timing better than 200 ps

→

With foil

Without foil
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• Two stages foreseen 
• Inner tracker in pre-upgrade II (LS3), middle tracker in upgrade II (LS4) 
• Improve tracking performance and reduce occupancy in the SciFi 

• Inner tracker 
• 6 layers of pixels (HV CMOS), can be  

relatively large ~100 x 300 microns 
• Each layer ~0.7m2, ~4m2 in total 
• Combine with SciFi with minimum material 

• Middle Tracker 
• Expand pixel coverage to 3m2 per layer

LHCb future upgrades - Mighty tracker

Tai-Hua Lin 3

Detector Geometry 

The full geometry of Mighty Tracker is built.  

Implement a flag to easily switch with IT only or with IT+MT together with 
according FT geometry.    

UK led
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LHCb future upgrades - Mighty tracker

Tai-Hua Lin 3

Detector Geometry 

The full geometry of Mighty Tracker is built.  

Implement a flag to easily switch with IT only or with IT+MT together with 
according FT geometry.    

•Recent team beam at DESY 
• First MightyPix HVCMOS chips 
• Despite COVID, we were able  

to take data 
• Data analysis ongoing and led  

by UK groups

F. Blanc, FCC Workshop, 12/11/2020

• First tests in beam 
at DESY in October 2020 
- studies of noise, time 

resolution, etc. 
- analysis in progress…

!9

HV-MAPS sensor: prototype testing

MightyPix prototypes

DESY test beam, Oct. 2020 
Telescope with MuPix10

UK led



20/11/2020 26

• PID a crucial part to enable the future LHCb physics programme 
• Use timing information to recover upgrade I performance 
• Improvement from better assignment of hits to tracks 
• Can also reduce the pixel size 

• R&D well underway 
• Choice of photon detectors 
• Choice of radiator material 
• Electronics

LHCb future upgrades - RICH

70 80 90 100
Kaon ID Efficiency / %

1

10

Pi
on

 M
is

ID
 E

ffi
ci

en
cy

 / 
%

150 ps (MAPMT/SiPM)
40 ps (MCP)
20 ps (MCP)
'Perfect'

05/02/2020 Floris Keizer 15

Upgrade II particle ID performance
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The absolute numbers are preliminary, 
but the trend is clear

The particle ID curves are made by overlapping 
seven Run 3 events on the photon detector plane.
Ø The photon detector pixel size is still that of the 

current MAPMTs. These plots therefore simulate 
a worst-case scenario.

Sub-nanosecond hit time information is now a 
necessary requirement. The condition can be relaxed 
for RICH 2.

As an indication, a time gate around 50-100 ps would 
match the Run 3 particle ID performance in the high-
luminosity environment.

UK led
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• PID information for tracks in the 2-20 GeV range 
• Novel time of flight detector using quartz bars 
• Provide information below the Cherenkov threshold of RICH 
• Improve proton identification and PID for low momentum tracks 

• Precise timing  
• Aim for 15ps resolution per track 

• UK led project 
• Fast timing detectors (MCP) under  

development by a UK company  
(Photek)

LHCb future upgrades - TORCH
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Future Upgrades: TORCH

PoS(ICHEP2018)667

The TORCH time-of-flight detector T. Blake

planes can be measured to 1mrad in the TORCH. A photograph of the front and rear of a phase III
prototype MCP-PMT is shown in Fig. 2. The pixel readout connectors are mounted on an external
PCB and connected via anisotropic conductive film (ACF).

Figure 2: Phase III MCP-PMT with 64-by-8 pixels viewed from (left) the front and (right) behind. The
MCP-PMT is designed to be close-packed in one direction with an active area greater than 80%. Readout
connectors for the eight pixel columns are mounted on an external PCB and connected via ACF.

3. Test beam results

A small-scale prototype of the TORCH detector has been operated in November 2017 and July
2018 in a 5GeV/c mixed p/π+ beam at the CERN PS. This prototype employs a quartz radiator
plate with dimensions 120×350×10mm3 and is instrumented with a single phase III MCP-PMT.
The p and π+ in the beam can be distinguished using two CO2 Cherenkov threshold counters
located upstream of the TORCH detector. Two time reference signals are provided by a pair of
borosilicate fingers, that are each instrumented with a single-channel MCP-PMT. The fingers are
located approximately 10m upstream and 1m downstream of the TORCH prototype. The beam
is also instrumented with a silicon pixel telescope to accurately determine the position and the di-
rection of the p/π+ at the entrance to the radiator plate. The MCP-PMT is read out by a custom
electronics system using the NINO and HPTDC readout chips developed for the ALICE experi-
ment [6].

Figure 3 (left) shows the arrival time and vertical pixel coordinate of reconstructed photons in
a single pixel column. The dataset was taken with the beam impinging close to the edge of the plate
and ∼ 140mm below its centre and has been pion-enriched using information from the Cherenkov
threshold counters. The banding in the figure is characteristic of the TORCH configuration, with
different bands corresponding to different numbers of reflections from the side faces of the radiator
plate. A data-driven approach is used to correct for integral non-linearities and time-walk in the
readout electronics [7]. The data are overlaid with the result of a simulation of the TORCH geom-
etry. The difference between the observed and expected arrival time of the photons, ∆t, is shown in
Figure 3 (right). The ∆t distribution is well described by a Gaussian distribution with a power-law
tail, and is indicative of a single photon resolution of ∼ 100ps. The tail of the distribution is due to
imperfect corrections to the photon arrival time. Improvement in the resolution is expected with an
updated charge-to-width calibration of the readout electronics.

2

PoS(ICHEP2018)667
The TORCH time-of-flight detector T. Blake

1. TORCH concept

TORCH is a large-area time-of-flight detector, designed to provide particle identification (sep-
aration between charged pions, kaons and protons) in the range 2 to 10GeV/ c [1]. The TORCH
concept exploits the production of Cherenkov light by charged particles entering a quartz radiator
plate. The photons are then transported to the periphery of the detector by total internal reflec-
tion within the plate, where they are focussed by a cylindrical focussing block onto an array of
fast-timing photon detectors. To provide identification over the desired momentum range, a time
resolution of 15ps per particle is required over a flight distance of 10m. This corresponds to a
single photon resolution of 70ps, given approximately 30 detected photons per charged particle.

An illustration of the layout of a possible full-scale 5× 6m2 TORCH detector is shown in
Fig. 1. Such a detector could upgrade the particle identification capabilities of the LHCb detector
in the 2 to 10GeV/ c momentum range. In the current detector, kaon, pion and proton separation is
achieved using a pair of gaseous RICH detectors with C4F10 and CF4 radiators [2]. At momenta
less than 10GeV/ c, kaons and protons are below the Cherenkov threshold of the gas radiators.

66 cm

2.
5 

m

5 
m

6 m

Figure 5. Photographs of (left) the scaled-down TORCH module, and (right) the TORCH 64-
channel electronics readout system; anticlockwise from top right, the NINO Board, HPTDC Board,
backplane and readout board.

Figure 6. The optics of the focussing block showing the angular geometry and the extremities of
the photon paths for the range of beam impact points and angles.
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MCP

� z
<latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit>

� z = 0.45 rad
<latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit>

� z = 0.85 rad
<latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit>
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Figure 5. Photographs of (left) the scaled-down TORCH module, and (right) the TORCH 64-
channel electronics readout system; anticlockwise from top right, the NINO Board, HPTDC Board,
backplane and readout board.

Figure 6. The optics of the focussing block showing the angular geometry and the extremities of
the photon paths for the range of beam impact points and angles.
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� c
<latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit>

MCP

� z
<latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit>

� z = 0.45 rad
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1 cm

Figure 1: Illustration of a possible full-scale TORCH system utilising a 10mm thick quartz radiator plate
over an active area of 5× 6m2. Cherenkov light produced by charged particles entering the radiator plate
is transported to an array of fast-timing MCP-PMT detectors via total internal reflection and a cylindrical
focussing block.

2. MCP-PMTs

Fast timing of photons is provided by an array of microchannel plate photomultipliers (MCP-
PMTs), developed as part of a three phase R&D programme with a commercial partner, Photek
Ltd [4]. The MCP-PMTs provide a good intrinsic single photon time resolution of ∼ 35ps [3]. The
aim of this programme is to develop a device that can be used in the challenging LHC environment,
capable of withstanding a large integrated charge of > 5Ccm−2 on its anode. This is achieved
through an atomic-layer-deposition coating [5]. The third phase (phase III) device is a multi-anode
square tube with a 53×53mm2 active area. The 64-by-64 array of anodes is ganged to form either
a 64-by-8 or a 64-by-4 pixel device. The effective pixelisation is increased by a further factor
of two in the fine pixel direction by exploiting charge sharing between neighbouring pixels. The
granularity of the detector is designed such that the photon angle in the vertical and horizontal

1

Particle identification in 2- 10 GeV range (below Cherenkov threshold)
using time of flight detector

Aim to achieve 15 ps resolution per track (70 ps per photon)

Fast timing using MCPs developed by UK company (Photek)

MCP 
prototype

Quartz 
bars

UK led
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• Build on LHCb’s innovative approach to data processing 
• Real-time alignment and calibration scheme 
• Flexible real-time analysis model 
• Full GPU based first level trigger in upgrade I 
• For upgrade II, even greater challenges must be met 

• Need for speed 
• R&D for new architectures 
• Four dimensional event reconstruction 
• Detailed simulations

LHCb future upgrades - Data processing
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• Lots to look forward to! 
• High profile results, many with UK involvement, are 

still rolling in 

• Upgrade I on track for 2022 startup 
• Installation going well 
• Exciting time for commissioning and first physics 

• Long term plans - Upgrade II 
• Supported by CERN and the European strategy 
• UK leading in many areas, let’s keep it that way

Summary

SlideManuel Franco Sevilla LHCb upgrades I and II

Summary

A program of updates is being carried out  to fully exploit the LHC 
potential for flavor physics  
Upgrade I about to be installed during LS2 

➡ Challenging schedule but still on track 

A series of upgrades in LS3 and LS4 aim at                                    
recording 300 fb-1 

➡ Exquisite precision achievable

!22

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

9 fb-1 Goal: 50 fb-1 Goal: 300 fb-1

Upgrade I Upgrade Ib Upgrade IIUpgrade I
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Figure 10.2: Evolving constraints in the �̄ � �̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb−1) and 2035 (300 fb−1), taking the values given in Table 10.1. The hadronic parameter � is
a necessary input in the determination of the side opposite � and is assumed to be calculated with a
precision of 0.6% and 0.3%, in 2025 and 2035, respectively [614]. In the future projections the central
values of the inputs have been adjusted to provide internal consistency.
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42

Summary 

• Full exploitation of Run 1+2 dataset of LHCb, 
ATLAS and CMS

• Belle 2 has started to take data

• Installation of LHCb upgrade progressing well for 
running after LS2

• LHCb UII upgrade will take flavor physics program 
into the 2030s with  unprecedented precision

Much to look forward to ! LHCb

UIa

UII
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Backup
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• Tensions between measurements and the standard model 
• Most prevalent in rare and semi-leptonic B meson decays 

• Update from                         decays 
• Added the 2016 data sample  
• Tension with the standard model  

increased slightly but still around 
• More to come - 2017 and 2018 data! 

• UK also involved in R(D(*)) decays 
• New results hotly anticipated

Flavour anomalies
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B0 → K*0μ+μ−
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PRL 125 (2020) 011802
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Spectroscopy

JHEP 08 (2020) 123, LHCb-PAPER-2020-008

•                (a.k.a.            )  
• Two measurements this year to study the  

lineshape of the resonance 
• What is the nature of the state? 
• Non-zero natural width seen for the first time 

• assuming a Breit-Wigner function applies 
• Other models also employed, which prefer  

a narrow width. 
• Lineshapes are important!

χc1(3872) X(3872)

with a value of
�BW = 1.39± 0.24± 0.10MeV.

The values found here for m�c1(3872) and �BW are in good agreement with a complementary
analysis using fully reconstructed B+ ! �c1(3872)K+ decays presented in Ref. [51] and
combined therein.

Since |�E| < �BW, the value of �BW needs to be interpreted with caution as coupled
channel e↵ects distort the lineshape. To elucidate this, fits using the Flatté parameteriza-
tion discussed in Refs. [15, 16] are performed. The parameters are found to be

g = 0.108± 0.003+0.005
� 0.006 ,

f⇢ =
�
1.8± 0.6+0.7

� 0.6

�
⇥ 10�3 ,

�0 = 1.4± 0.4± 0.6MeV ,

with m0 fixed at 3864.5MeV. The mode of the Flatté distribution agrees with the
mean of the Breit–Wigner lineshape. However, the determined FWHM is much smaller,
0.22+0.06+0.25

� 0.08� 0.17 MeV, highlighting the importance of a physically well-motivated lineshape
parameterization. The sensitivity of the data to the tails of the mass distribution limits
the extent to which the Flatté parameters can be determined, as is expected in the case
of a strong coupling of the state to the D0D⇤0 channel [43]. Values of the parameter Ef

above �2.0MeV are excluded at 90% confidence level. The allowed region below threshold
is �270 < Ef < �2.0MeV. In this region a linear dependence between the parameters
is observed. The slope dg

dEf
is related to the real part of the scattering length [15] and is

measured to be
dg

dEf
= (�15.11± 0.16) GeV�1 .

In order to investigate the nature of the �c1(3872) state, the analytic structure of the
amplitude in the vicinity of the D0D⇤0 threshold is examined. Using the Flatté amplitude,
two poles are found. Both poles appear on unphysical sheets with respect to the J/ ⇡+⇡�

channel and formally can be classified as resonances. With respect to the D0D⇤0 channel,
one pole appears on the physical sheet, the other on the unphysical sheet. This configura-
tion, corresponding to a quasi-bound D0D⇤0 state, is preferred for all scenarios studied in
this paper. However, within combined statistical and systematic uncertainties a location
of the first pole on the unphysical sheet is still allowed at the 2� level and a quasi-virtual
state assignment for the �c1(3872) state cannot be excluded.

For the preferred quasi-bound state scenario the 90% CL upper limit of the D0D⇤0

binding energy Eb is found to be 100 keV. The asymmetry of the locations of the two
poles, which is found to be substantial, provides information on the composition of the
�c1(3872) state. In the case of a dominantly molecular nature of a state a single pole close
to threshold is expected, while in the case of a compact state there should be two nearby
poles [52]. The argument is equivalent to the Weinberg composition criterion [53] in the
sense that the asymmetry of the pole location in momentum space determines the relative
fractions of molecular and compact components in the �c1(3872) wave function [54]

|k2|� |k1|
|k1|+ |k2|

= 1� Z .

Here Z is the probability to find a compact component in the wave function. The
momentum |k1| = 6.8MeV is obtained by inserting the binding energy of the bound state

22
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Figure 2: Mass distributions for J/ ⇡+⇡� candidates in the �c1(3872) region for (top) the low,
(middle)mid and (bottom) high p⇡+⇡� bins. The left (right)-hand plot is for 2011 (2012) data.
The projection of the fit described in the text is superimposed.

and calculating the �2 probability of consistency with the fit model gives values much
larger than 5% for all bins apart from the high-momentum bin in the 2012 data where
the probability is 2%. The values of �m and �BW are consistent between the bins giving
confidence in the results.

A simultaneous fit is made to the six data samples with �m and �BW as shared
parameters. This gives �m = 185.588± 0.067MeV and �BW = 1.39± 0.24MeV, where

7



20/11/2020 33

• Looks similar to LHCb… 
• This is a major detector  

upgrade 
• New tracking detectors 
• Full readout replacement 
• Remove hardware trigger 
• Run at 5x higher lumi 

• UK focus 
• Vertex Locator (VELO) 
• PID (RICH 1 and 2) 
• Offline computing

LHCb upgrade I - Trigger
• Software trigger 

• First level will run on GPU 
• 30 MHz rate can already  

be handled 

• Alignment and calibration 
• Strong UK involvement 

• Physics selections 
• Second level to use CPU 
• Selections under way 

30

Run 3 Trigger LHCb Upgrade Software HLT

• First full Software High Level Trigger

• 30M evt/s → 30K evt/s / node (1000 nodes)

• HLT1: 40 Tb/s (input) → 1-2 Tb/s (output)

• HLT2: 1-2 Tb/s (input) → 80 Gb/s (output)

• Goal: most precise reconstruction possible (best

physic, without IP cut, tighter PT requirements)

30 MHz inelastic event rate
(full rate event building)

Software High Level Trigger

GB/s to storage

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online
detector calibration and alignment

10

May 28th, 2019 Recent achievements on Upgrade HLT1 2

Full software trigger to reduce rate from 30 MHz to 30 kHz

Remove L0: factor of two better for hadronic modes

A lot of ongoing work to achive this goal exploiting latest 
programming techniques (vectorization, SIMD)

CERN-LHCC-2018-007
CERN-LHCC-2018-014
CERN-LHCC-2014-016

Milestone of 35 MHz achieved
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LHCb upgrade I - Physics

31

Upgrade Reach 

LHCB-PUB-2014-040

Table 27: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5 fb−1 recorded during Run
2) and for the LHCb Upgrade (50 fb−1). An estimate of the theoretical uncertainty is also given – this and the potential
sources of systematic uncertainty are discussed in the text.

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
B0

s mixing φs(B0
s → J/ψφ) (rad) 0.049 0.025 0.009 ∼ 0.003

φs(B0
s → J/ψ f0(980)) (rad) 0.068 0.035 0.012 ∼ 0.01
Asl(B0

s ) (10
−3) 2.8 1.4 0.5 0.03

Gluonic φeff
s (B0

s → φφ) (rad) 0.15 0.10 0.018 0.02
penguin φeff

s (B0
s → K∗0K̄∗0) (rad) 0.19 0.13 0.023 < 0.02

2βeff(B0 → φK0
S) (rad) 0.30 0.20 0.036 0.02

Right-handed φeff
s (B0

s → φγ) (rad) 0.20 0.13 0.025 < 0.01
currents τ eff(B0

s → φγ)/τB0
s

5% 3.2% 0.6% 0.2%
Electroweak S3(B0 → K∗0µ+µ−; 1 < q2 < 6GeV2/c4) 0.04 0.020 0.007 0.02
penguin q20 AFB(B0 → K∗0µ+µ−) 10% 5% 1.9% ∼ 7%

AI(Kµ+µ−; 1 < q2 < 6GeV2/c4) 0.09 0.05 0.017 ∼ 0.02
B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 14% 7% 2.4% ∼ 10%

Higgs B(B0
s → µ+µ−) (10−9) 1.0 0.5 0.19 0.3

penguin B(B0 → µ+µ−)/B(B0
s → µ+µ−) 220% 110% 40% ∼ 5%

Unitarity γ(B → D(∗)K(∗)) 7◦ 4◦ 0.9◦ negligible
triangle γ(B0

s → D∓
s K

±) 17◦ 11◦ 2.0◦ negligible
angles β(B0 → J/ψK0

S) 1.7◦ 0.8◦ 0.31◦ negligible
Charm AΓ(D0 → K+K−) (10−4) 3.4 2.2 0.4 –

CP violation ∆ACP (10−3) 0.8 0.5 0.1 –

61

Many measurements will still be statistically limited - we will need even more data!


