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LHCb
Zooming in on the
matter - antimatter puzzle



Group

• Program leader: Marcel Merk + Mara Senghi Soares

People
Staff 11

Postdocs 5

PhD 12

Output
Papers 665

Theses 43

MSc 50

Funding MoU
LHCb 4.95M€

LHCb Upgrade I 3.2 M€

LHCb Upgrade II ~6 M€?

Partners   (staff)
VU Amsterdam         (2)

RuG Groningen  (1.5+1)

UM  Maastricht        (3)

Nikhef Amsterdam(4.5)

2022: 1602 members, 96 institutes, 22 countries

3
https://greybook.cern.ch/experiment/detail?id=LHCB

https://greybook.cern.ch/experiment/detail?id=LHCB
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Group: people

Partners
VU Amsterdam

RuG Groningen

UM  Maastricht

Nikhef Amsterdam

• Groningen: being reinforced

• Maastricht: new Faculty of Science and Engineering
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High-precision measurements of

charge asymmetries at LHCb
Proefschrift

ter verkrijging van de graad van doctor aan de

Rijksuniversiteit Groningen
op gezag van de

rector magnificus prof. dr. C. Wijmenga

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

vrijdag 13 september 2019 om 16.15 uur

door

Laurent Johannes Iman Joseph Dufour

geboren op 14 juni 1988
te De Bilt

Group: output

Jakko
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Daniel
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Maarten

PhD thesis prize LHCb 2020

LHCb Early Career Prize 2022

LHCb Early Career Prize 2020
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Daniel

Laurent

Sevda

Maarten

PhD thesis prize LHCb 2020

LHCb Early Career Prize 2022

LHCb Early Career Prize 2020

2022 responsibilities
Deputy project leader VELO, SCIFI, RTA

Physics subWG conv TD-B2OC

Physics coordinator

Physics performance convener

Membership comittee chair

Speakersbureau deputy chair

2023 responsibilities
Data Quality coordinator

Deputy project leader VELO

Run coordinator

Speakersbureau deputy chair

RTA WP convener
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Group: funding

End of funding:
• NWO program
• Vici (2x)
• Projectruimte
• Postdoc on Swiss grant

ØWorries about long term funding
§ All sources above ending 

- from now on depend on possible future structural Nikhef funding

- NWO “ENW groot” requests 
- Physics proposal turned down
- Technology proposal “Faster” successful (2 PhD, 1 postdoc)

§ Stimulate grant requests (risk for strategic choices)
- Veni & Marie Curie, Vidi, Vici limited…

Funding MoU
LHCb 4.95M€ 9%

LHCb Upgrade I 3.2 M€ 7%

LHCb Upgrade II ~6 M€? ~5% ?

Decreasing impact on LHCb

7



Group: funding opportunities
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Ø Worries about long term funding
§ All sources above ending 

- from now on depend on possible future structural Nikhef funding
- NWO “ENW groot” requests 

- Physics proposal turned down
- Technology proposal “Faster” successful (2 PhD, 1 postdoc)

§ Stimulate grant requests 
- Veni & Marie Curie, Vidi, Vici limited…

Opportunities :

Ø National Roadmap (2024) LHC detector investment 
Ø Summit (2024) LHC long term personnel
Ø ENW-XL (2024) LHCb topical + partners
Ø Individual grants

8



Timeline

You are here

LHCb for SAC  - 13 Apr 2023  - N. Tuning 9

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035+

Run III Run IV Run V

LS2 LS3 LS4

LHCb 40 MHz 
UPGRADE I

L = 2 x 1033 LHCb 
Consolidate 

L = 2 x 1033
50 fb-1

LHCb
UPGRADE II

L=1-2x1034
300 fb-1

ATLAS
Phase I Upgr L = 2 x 1034

ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

HL-LHC
L = 5x1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

3000 fb-1

Belle II L = 3 x 1035 7 ab-1 L = 6 x 1035 50 ab-1

LHC schedule: 

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm


Technology

SciFi

VELO
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Technology

Scintillating Fibers
• New technology

• Si strip resolution for lower 
price

VELO pixels
• Synergy with Medipix

• Fast track reconstruction

RTA (reconstruction)
• 40 MHz, 400 tracks

• 2-10 GB/s to storage

LHCb for SAC  - 13 Apr 2023  - N. Tuning 11



1) Module design & production

2) Electronics “VeloPix” chip 3) Vacuum envelope “RF-Box”

VELO

12

7

• Module Outgassing Test
• Monitored during pump down

• Thermal Cycles
• Automatic procedure in WinCCOA
• Thermal cycle between 15 °C and 

-30 °C
• 10 times with a constant 

temperature for 30 minutes

VELO Module Production Site Specific Review Nikhef: Module testing

MECHANICAL TESTS



LHCb for SAC  - 13 Apr 2023  - N. Tuning

7

• Module Outgassing Test
• Monitored during pump down

• Thermal Cycles
• Automatic procedure in WinCCOA
• Thermal cycle between 15 °C and 

-30 °C
• 10 times with a constant 

temperature for 30 minutes

VELO Module Production Site Specific Review Nikhef: Module testing

MECHANICAL TESTS

VELO

Modules construction

at Nikhef

Technicians are 

“power of Nikhef”  



LHCb for SAC  - 13 Apr 2023  - N. Tuning

VELO

14



F. Blanc, ICHEP 2022

• Vertex pixel detector, 5mm from beam 
- innovative microchannel CO2 cooling 

• Installation completed in May 
• Commissioning progressing very well! 

- in process of calibration, time and 
spatial alignment, tuning, 
while maintaining detector safety

20

Upgrade I: VELO

13

The new VELO
• Pixel detector  5 mm from the beam, with 

innovative micro channel cooling

LHCC-2013-021

• Test of first-half disrupted by omicron 
wave in December 2021, installed in 
March and now being commissioned

• Cooling leak delayed second half, 
transported at CERN end of April and 
installed last Friday, in time for 2022 data 
taking

VELO side-C installation

FULL VELO IN: critical milestone!!!

VELO side-A installation
VELO installation
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The new VELO
• Pixel detector  5 mm from the beam, with 

innovative micro channel cooling

LHCC-2013-021

• Test of first-half disrupted by omicron 
wave in December 2021, installed in 
March and now being commissioned

• Cooling leak delayed second half, 
transported at CERN end of April and 
installed last Friday, in time for 2022 data 
taking

VELO side-C installation

FULL VELO IN: critical milestone!!!

VELO side-A installation

CERN-LHCC-2013-021

VELO installation

15Nikhef committed to help with RF-foil repair



RF-box: “beampipe” between LHC beam and VELO

16LHCb for SAC  - 13 Apr 2023  - N. Tuning
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RF-box: “beampipe” between LHC beam and VELO

• 250μm thin foil

– Leak tightness OK

– Further edged at CERN to 150 μm

17
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RF-box: “beampipe” between LHC beam and VELO

• 250μm thin foil

– Leak tightness OK

– Further edged at CERN to 150 μm
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SciFi Tracker

Nikhef responsibilities

Modules: production at Nikhef
Coldbox: production and design
Electronics: Digital part, firmware and controls 19LHCb for SAC  - 13 Apr 2023  - N. Tuning



SciFi Tracker

1 Detector:
= 11.000 km fibres
= 128 modules
= 600k SiPM channels 

11 / 15

Cold-box
First new (revised) cold-box being tested

Successful cooling test with realistic heat load

Almost all EDR recommendations have been
addressed (rad. test, light-tightness, ...); Hope to
validate the open points in the next weeks
(humidity management)

“Pre-series” production of 20 cold-boxes
(8 % of total) is ongoing

PRR foreseen for end of April

Pacific chip

Clusterization

Master

SiPM

Cold box

Module endpiece

Flex cables and SiPM

Electronics

5 
m

20



Nikhef technicians prepared frames

Nikhef engineers 
designed
and mount cabling

SciFi Tracker

Nikhef engineers designed digital electronics
21LHCb for SAC  - 13 Apr 2023  - N. Tuning



Nikhef technicians mounting ColdBox
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SciFi Tracker

Nikhef engineer 
developing readout



SciFi Tracker

• bla
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15Data Quality for 2022 Runs 

Start with occupancy maps for fast feedback:

R
ef

er
en

ce
 ru

n 
A

S
tu

di
ed

 ru
n 

B

R= 
Run A

Run B

Preliminary flag: 

R > 0.8

In addition: 
Cluster plot for
every station / 

quadrant

Elisabeth Niel

SciFi cluster distribution

Station T2 Q0

23
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RTA (real time analysis)

• New project, with large Nikhef involvement

• Many open questions (choices)

• Challenging and inviting computing aspects

(aka: reconstruction, trigger, alignment)BANDWIDTH STRATEGIES
LHCB-TDR-018

SELECTIVE PERSISTENCE
SELECTIVE PERSISTENCE

Less events with more info?
More events with less info?

�żżƚȀƚɟŏɾȩɟ Úɟȩǲƚżɾɯ

ߞ
Implement HLT1 with O(500) GPUs, need to complete integration work and evaluate cost-effectiveness

GPU proposal — Allen

!41

Throughputs of HLT1 on different GPUs

Signal efficiencies at 1 MHz HLT1 output rate
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LHCb-ANA-20XX-YYY
June 11, 2019

Proposal for an HLT1
implementation on GPUs for the

LHCb experiment

R. Aaij1, J. Albrecht2, M. Belousa,3, T. Boettcher4, A. Brea Rodŕıguez5, D. vom Bruch6,
D. H. Cámpora Pérezb,7, A. Casais Vidal5, P. Fernandez Declarac,7, L. Funke2,
V. V. Gligorov6, B. Jashal9, N. Kazeeva,3, D. Mart́ınez Santos5, F. Pisanid,e,7,

D. Pliushchenkof,3, S. Popova,3, M. Rangel10, F. Reiss6, C. Sánchez Mayordomo9,
R. Schwemmer7, M. Sokolo↵11, A. Ustyuzhanina,3, X. Vilaśıs-Cardona8, M. Williams4

1Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
2Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

3Yandex School of Data Analysis, Moscow, Russia
4Massachusetts Institute of Technology, Cambridge, MA, United States

5Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain

6LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3, Paris, France
7European Organization for Nuclear Research (CERN), Geneva, Switzerland

8DS4DS, la Salle, Universitat Ramon Llull, Barcelona, Spain
9Instituto de F́ısica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain

10Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
11University of Cincinnati, Cincinnati, OH, United States

aNational Research University Higher School of Economics, Moscow, Russia
bUniversidad de Sevilla, ETSI Informática, Av. Reina Mercedes, s/n, 41012, Sevilla, Spain

cDepartment of Computer Science and Engineering, University Carlos III of Madrid, Madrid, Spain
dINFN Sezione di Bologna, Bologna, Italy

eUniversità di Bologna, Bologna, Italy
fNational Research University Higher School of Economics, Saint Petersburg, Russia

Abstract

We present Allen, a GPU based solution for the first stage of the upgraded LHCb
detector’s High Level Trigger. We document the implementation and performance
of this solution, and describe the remaining work needed if this solution is adopted
for production by the LHCb collaboration.

The Allen project is named after Frances E. Allen.

24



RTA (real time analysis)

LHCb for SAC  - 13 Apr 2023  - N. Tuning
https://cerncourier.com/a/lhcb-looks-forward-to-the-2030s/

25
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RTA (real time analysis)
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(aka: reconstruction, trigger, alignment)

HLT1 commissioning timeline

2

Oct

LHC beam test
First integration of Allen into 
ECS system, trigger on calo 
activity

May

Collisions @ 450 GeV
Trigger on calo activity
RTA elog #14Cosmic runs

Trigger on calo activity
RTA elog #1

June

2021 2022

July

Online Allen monitoring
RTA elog #33

Large scale EB test
Testing 20-30 MHz input 
rate for the first time
RTA elog #17

Aug Sep Oct Nov

First track reconstruction
RTA elog #71

First full HLT1 running
Using hlt1_pp_matching and 
DD4Hep
RTA elog #80

Velo closing with tracking 
sequence
RTA elog #101

First mass peak in HLT1

26

• Strong involvement
– Nikhef+VU founding member + management roles

– HLT1 (framework, algorithms, GPU operations)

– HLT2 framework (made multi-threaded, selections, persistence)

• Progress in 2022 :



RTA (real time analysis)

• Achievements:
– HLT1: rate tests to 25-30 MHz (record throughput)

– HLT2: ~1500 selection lines implemented…

– Alignment: using new software framework

(aka: reconstruction, trigger, alignment)

p 0 → g g

D0→ K+p -

J/y → µ+µ-

L0→ pp -

HLT1 throughput (kHz)

27



Upgrade II
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2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035+

Run III Run IV Run V

LS2 LS3 LS4

LHCb 40 MHz 
UPGRADE I

L = 2 x 1033 LHCb 
Consolidate 

L = 2 x 1033
50 fb-1

LHCb
UPGRADE II

L=1-2x1034
300 fb-1

ATLAS
Phase I Upgr L = 2 x 1034

ATLAS 
Phase II UPGRADE

HL-LHC
L = 5 x 1034

HL-LHC
L = 5x1034

CMS
Phase I Upgr

300 fb-1 CMS  
Phase II UPGRADE

3000 fb-1

Belle II L = 3 x 1035 7 ab-1 L = 6 x 1035 50 ab-1

LHC schedule: 

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm


Upgrade II
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-LHCC-2018-027
LHCB-PUB-2018-009

27 August 2018

Physics case for an LHCb Upgrade II

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

The LHCb collaboration

Abstract

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

energy frontier.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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Physics Case: arXiv:1808.08865

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-LHCC-2021-012
LHCb TDR 23

24 February 2022

Framework TDR for the LHCb Upgrade II

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

The LHCb collaboration

Abstract

This document is the Framework Technical Design Report for the Upgrade II of the LHCb experiment,
which is proposed for the long shutdown 4 of the LHC. The upgraded detector will operate at a
maximum luminosity of 1.5 ⇥ 1034 cm�2s�1, with the aim of integrating ⇠ 300 fb�1 through the lifetime
of the high-luminosity LHC (HL-LHC). The collected data will allow to fully exploit the flavour-physics
opportunities of the HL-LHC, probing a wide range of physics observables with unprecedented accuracy.
In particular, the new physics mass scale probed, for fixed couplings, will almost double as compared
with the pre-HL-LHC era.

The accomplishment of this ambitious programme will require that the current detector performance
is maintained at the maximum expected pile-up of ⇠40, and even improved in certain specific domains.
To meet this challenge, it is foreseen to replace all of the existing spectrometer components to increase
the granularity, reduce the amount of material in the detector and to exploit the use of new technologies
including precision timing of the order of a few tens of picoseconds. The design options for each sub-
detector are discussed, and the ongoing e↵orts to face the associated technology challenges. For the first
time, elements of the environmental impact of the project are considered. Finally, details are given about
the project schedule, the cost envelope and the participating institutes.

Detector Plans: LHCb-TDR-023

29

62nd JENAS, Madrid, May 2022

1. Major developments from the 2013 Strategy

...

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 full 
physics potential of the LHC and the HL-LHC, including the study of flavour physics and the quark-gluon 
plasma, should be exploited.

…

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).

Update of the European Strategy for Particle Physics 

à Talk by Paris Sphicas



Upgrade II at Nikhef

• Faster

LHCb for SAC  - 13 Apr 2023  - N. Tuning 30

Robbert Geertsema – LHCP 2022 18

Conclusion and outlook
• Without the addition of timing in experiments, it is impossible to deal with pile-up

• Timing will aid in: pile-up reduction, tracking, and PID!

• All four experiments will implement different versions of timing detectors in the next ~15 years

• Further R&D is necessary to improve upon the current technologies and enable the possibility of 
widespread picosecond timing in next generation LHC detectors
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Faster silicon sensor-designs

“Thick planar”

Traditional detector designs

Large signal but slow

“Thin planar”

Monolithic/MAPS

Fast but low signal

LGAD

Built in gain layer

Fast & large signal

Implemented in MAPS?

Not as radiation resistant…

3D

Vertical pillars

Fast & large signal

Low fill factor…

• Improved time resolutions achieved with variety of designs

𝜎𝑡 ≈ 200 ps

R. Geertsema et al
2022 JINST 17 P02023

𝜎𝑡 ≈ 100 ps

G. Aglieri Rinella et al 

2019 JINST 14 P07010

𝜎𝑡 ≈ 40 ps

K. Onaru et al

NIM A 985 (2021)

𝜎𝑡 ≈ 40 ps

L. Anderlini et al

2020 JINST 15 P09029

Electrons

Holes

From: R.Geertsema LHCP2022



Physics

Ø At Nikhef

§ CP violation

1) φs

2) γ

§ Rare decays

3) Very rare decays

4) Lepton flavour non-universality

§ Long-living particles

Ø Other recent LHCb highlights:

§ New ‘exotic’ hadrons: Tetraquark and pentaquark

§ W-mass

§ D0 mass difference

§ anti-p production  

b
s

s
b

b s

µ

µ

LHCb for SAC  - 13 Apr 2023  - N. Tuning 31



Physics at Nikhef: CP violation

• φs with Bs
0→ J/ψφ

– and sin2b

• γ with Bs
0→ Ds

+K-

– and mass difference Δms

32LHCb for SAC  - 13 Apr 2023  - N. Tuning

6

Chapter 6. Measurement of CP asymmetry using B0
s → D∓

s K± decays

Figure 6.10: Result of the invariant-mass fit to B0
s → D∓

s K± candidates. The distribu-
tions of (top) m(D∓

s K±) and (middle) m(h−h+h±) are displayed with combined magnet
polarities, D−

s decay modes and years of data taking. Different contributions to the fit are
shown as coloured areas (for backgrounds) or as a dashed line (for signal), as described in
the legend at the bottom. The χ2/ndf of the plot projection and the pull distribution are
given to show the quality of the fit.

104
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Bs
0 → J/ψφ Bs

0 → Ds+K-

32

ϕthis
s = XXX ± 0.021(stat.) ± 0.0068(syst.) [rad]

ϕprevious
s = − 0.083 ± 0.041(stat.) ± 0.0061(syst.) [rad]

[1] LHCb Collaboration, Updated measurement of time-dependent CP-violating 
observables in  decays, EPJC 79, 706 (2019) B0

s → J/ψK+K−

[1]

The key to understanding matter and anti-matter                                                           NWO Physics 2023



Physics at Nikhef: CP violation

• φs with Bs
0 → J/ψφ

– and sin2b

• γ with Bs
0 → DsK

– and mass difference Δms

Δms

B0s→ B0s→ B0s

33
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Precise determination

of the B0
s–B

0
s oscillation frequency

LHCb collaboration†

Abstract

Mesons comprising a beauty quark and a strange quark can oscillate between
particle (B0

s ) and antiparticle (B0
s) flavour eigenstates, with a frequency given by the

mass di↵erence between heavy and light mass eigenstates, �ms. Here we present a
measurement of �ms using B0

s ! D�
s ⇡

+ decays produced in proton-proton collisions
collected with the LHCb detector at the Large Hadron Collider. The oscillation
frequency is found to be �ms = 17.7683 ± 0.0051 ± 0.0032 ps�1, where the first
uncertainty is statistical and the second systematic. This measurement improves
upon the current �ms precision by a factor of two. We combine this result with
previous LHCb measurements to determine �ms = 17.7656± 0.0057 ps�1, which is
the legacy measurement of the original LHCb detector.

Published in Nature Physics 18, (2022) 1

© 2022 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Hot topic: Flavour Anomalies
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R(D⇤) with hadronic ⌧ decays
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• Including this result, the world average becomes

R(D⇤) = 0.284 ± 0.013; R(D) = 0.356 ± 0.029 [HFLAV]

• The deviation w.r.t. the SM is at 3.2� for the combination of R(D)-R(D⇤)
Resmi P K (Oxford) CERN Seminar 47

LHCb, PAPER-2022-052

3.2s 0.2s

LHCb, arXiv:2212.09153

http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2022-052*&f=&action_search=Search&c=LHCb+Publication+Drafts
http://arxiv.org/abs/2212.09153


Testing LFU at LHCbLex Greeven 05-04-2023

Electrons vs muons: RΛ

13

1 in SM!

• 


• Analysis work in progress!

RΛ = ℬ(Λ0
b → Λμ+μ−)

ℬ(Λ0
b → Λe+e−) ⋅ ℬ(Λ0

b → ΛJ/ψ( → e+e−))
ℬ(Λ0

b → ΛJ/ψ( → μ+μ−))
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Physics at Nikhef: Rare decays
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• Very rare: Bs
0 → μ+μ-

– LHCb flagship

– LFV ? Lb
0→ L0e+μ-

• Electrons:
– Angular: B0→ K*ee

– Validate: J/ψ→ ee/J/ψ→μμ

LHCb, arXiv:2003.04831

B0→K*ee
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LHCb, arXiv:2108.09284

Lb
0→L0J/ψ(→ee) 

• Taus:
– Bc

+→ t+u

– Bs
0→ Ds

-t+u

– + Other LLP !

B0 →K*µµ

http://arxiv.org/abs/2003.04831
http://arxiv.org/abs/2108.09284


Physics

Ø At Nikhef

§ CP violation

1) φs

2) γ

§ Rare decays

3) Very rare decays

4) Lepton flavour non-universality

§ Long-living particles

Ø Other recent LHCb highlights:

§ New ‘exotic’ hadrons: Tetraquark and pentaquark

§ W-mass

§ D0 mass difference

§ anti-p production  

b
s

s
b

b s

μ

μ
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Other LHCb highlights

LHCb for SAC  - 13 Apr 2023  - N. Tuning

Competitive W-mass measurement Exotic hadrons: doubly charmed Tcc (ccud)

Anti-p from fixed target: like cosmics! D0 mass difference (< 10-5 eV ! ) 

37



Outlook: Sensitive to highest mass scale!

LHCb for SAC  - 13 Apr 2023  - N. Tuning
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron and
muon modes with (left) Run 3 and (right) Upgrade II data sets. The 3� regions are shown for
the SM (blue), for a vector-axial-vector new physics contribution (red) and for a purely vector
new physics contribution (green).

In the existing LHCb detector, electron modes have an approximately factor five lower2796

e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose2797

a significant fraction of their energy through bremsstrahlung radiation in the detector. This2798

loss impacts on the ability to reconstruct, trigger and select the electron modes. The precision2799

with which observables can be extracted therefore depends primarily on the electron modes2800

and not the muon modes. In order for RX measurements to benefit from the large Upgrade II2801

data samples, it will be necessary to reduce systematic uncertainties to the percent level. These2802

uncertainties can be controlled by taking a double ratio between RX and the decays B! J/ X,2803

where the J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with2804

very large data sets.2805

Other sources of systematic uncertainty can be mitigated through design choices for the2806

upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to2807

find the relevant photons in the ECAL (over significant backgrounds) and by the energy2808

resolution. A reduced amount of material before the magnet would reduce the amount of2809

bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the2810

electron momentum resolution. Higher transverse granularity would aid signal selection and2811

help reduce the backgrounds. With a large number of primary pp collisions, the combinatorial2812

background will increase and will need to be controlled with the use of timing information.2813

However, the Run 1 data set indicates that it may be possible to tolerate a factor increase in2814

combinatorial backgrounds without destroying the signal selection ability.2815

7.3.6 Time-dependent analysis of B0
s ! �µ+µ� and B0 ! ⇢0µ+µ�

2816

Time dependent analyses of rare decays into CP -eigenstates can deliver orthogonal experimental2817

information to time-integrated observables. So far, no time-dependent measurement of the2818

B0
s ! �µ+µ� decay has been performed due to the limited signal yield of 432 ± 24 candidates2819

in the Run 1 data sample [294]. However, the larger data samples available in Upgrade II will2820

enable time-dependent studies. The framework describing B and B ! V l+l� transitions to a2821
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LHCb, “Physics Case for Upgrade II”
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tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

[Charles et al., 1309.2293]

CKM fit in 10 years
[Charles et al., 1309.2293]

Stage II: 

- 50 fb-1 of LHCb data

- 50 ab-1 of Belle II data

- δfBq = O(1%),          
δVub= O(2%)

Lattice QCD improvements crucial to obtain such tight constraints  
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Ø Even after LHCb II 
(2029) all results 
statistically limited



Discussion: VELO Vacuum incident
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VELO vacuum incident: 10 Jan 2023

• Loss of control of the protection system during VELO warm up (in Ne)
• Relay failed and damaged a power supply, leading to multiple equipment failures 

and a pumping action on the primary volume
• Pressure differential of 200 mb built up between the two volumes, whereas the 

foils are designed to withstand 10 mb only

LHCb for SAC  - 13 Apr 2023  - N. Tuning

Primary
Vacuum

Secondary
Vacuum
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VELO Vacuum Incident: Analysis and Recovery

• As a result of the incident, the RF foils are deformed 

• The foils are inside the vacuum tank 
– they can be partially visualised through a viewing port

– the deformation is simulated, and benchmarked against measurements on a ½ scale box

• The analysis shows a plastic deformation of the foils of up to 14 mm
Ø replacing the foils is mandatory

• Priority for LHCb is to preserve VELO undamaged

• This is a significant intervention inside the vacuum tank 
Ø planning for next shutdown is currently under study

• Intervention happens in the next YETS: LHCb will run in 2023 with the VELO partially open

Residual deformation [mm] in simulation after
ΔP cycle: 0mbar→ 200mbar → 0mbar

Visualisation (viewing port) FEA simulations (COMSOL) Benchmarking simulation/measurement

LHCb for SAC  - 13 Apr 2023  - N. Tuning 41



VELO Vacuum Incident: Next steps

Baseline: 

Ø Operate with damaged foil in ‘23 

o VELO Closure to 10mm aperture at best 

o Aperture and impedance expected acceptable for machine

o Replace foil in EYETS ‘23/’24

Ø Physics programme in 2023 will be significantly affected
Ø Commissioning of Upgrade I systems will proceed as planned

Important checkpoints towards TS1 in June 2023:

1) Tomography (probably with 450 GeV, incl. SMOG1 Ar)

2) Inspect motion system without beam

3) Decide on VELO position

4) Determine maximal radiation dose à luminosity, pile-up
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RF foil tomography 2022

LHCb-FIGURE-2023-001 
https://cds.cern.ch/record/2845444

https://cds.cern.ch/record/2845444


Backup
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2023
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High beta runs

LHC Performance Workshop 2023 23 january 2023 15

30

Special Run Plans
Besides usual vdM scans, two special runs foreseen

β*=90m run for inelastic cross-section with new TOTEM T2 detector
Needs just one fill, but CMS magnet off to install/remove
T2 which is not radiation hard

β*=3/6km run for elastic scattering in CNI region for measuring σ and ρ

For both TOTEM and ATLAS/ALFA
4-5 day of physics running for 350-400/pb
Likely needs a few fills before to finalize optics/collimation

90m run best done 
right after after TS1

Requires CMS
magnet off in TS1
and ramped after
run with T2

6km run before
or after August
holiday break?

Needs some beam
time to validate optics
and collimation before

T2?

6km?

6km?

Current placeholder

Will complete LHC high β programme

Special runs foreseen in 2023: 

• β* = 90m run to measure total cross section at 13.6 TeV 
• With new TOTEM T2 detector
• Needs just one fill, but CMS magnet needs to be off to install/remove T2
• We suggest to schedule this run immediately after TS1 (CMS magnet ramped down in TS1 and ramped 

up after run)

• β* = 3/6km run for elastic scattering in CNI region to measure ⍴
• For both TOTEM (no need for T2) and ATLAS/ALFA
• 4-5 days of physics running to collect 350-400 pb-1

• We suggest to schedule this run in July or September 
• Would like to use crystal collimation
• Will need to foresee some tests before to validate 

optics and collimation

These runs will conclude the high beta programme at the LHC

July + August:

Ø Shift emphasis towards global commissioning

~6 weeks
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Steps to understand mechanics 
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± 29 mm

Fully Open
Tomography at 450 GeV
(if aperture+impedance allows)

+ 29 mm

One half Open
Inspect Motion System
(if mechanically possible)

± 10-15 mm 

Partially Open
Data taking
(if motion system allows)
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The RF box team at Nikhef

Willem

Tjeerd

Berend

Martin

+ Krista + Jesse + Kazu

Johan
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Physics at Nikhef: Long-living particles

• Search for BSM LLP
– LHCb unique coverage

– LLP models accommodate DM 
candidates 

• Majorana ν in W decays
– from ν-N mixing in B decays

– competitive with LEP in run-3

upper limit as a function of heavy neutrino mass can be observed in Figure 35 for the790

same-sign muons samples. Since the expected number of background events is less than791

one, the trend follows closely the variation of the e�ciency ratio with mass. For the792

opposite-sign muons samples the expected limit, shown in Figure ??, is worse due to793

the irreducible background from Drell-Yan processes. The number of background events794

expected is of the order of 500 events and peaks at low heavy neutrino masses, leading to795

an exclusion limit which is about one order of magnitude worse for the 5, 10 and 15 GeV796

heavy neutrino masses.797
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Figure 35: Expected limits on B(N ! µjet) |VµN |2 at 95% confidence level for the same-sign
muons sample.
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Figure 36: Expected limits on B(N ! µjet) |VµN |2 at 95% confidence level for the opposite-sign
muons sample.
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Intermezzo: Effective couplings

• Analog: Flavour-changing neutral current

• Effective coupling can be of various “kinds”

– Vector coupling: C9

– Axial coupling: C10

– Left-handed coupling (V-A): C9-C10

– Right-handed (to quarks): C9’, C10’, …

– …

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ " MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)

20See e.g. Buras & Fleischer, hep-ph/9704376

50ECFA - 22 Jul 2022

http://arxiv.org/abs/hep-ph/9704376


This decay is described by 

3 angles (�l ,�K ,!) and the di-muon 
invariant mass squared (q2)

B0—>K*mm

Intermezzo: Effective couplings

• C7 (photon), C9 (vector) and C10 (axial) couplings hide everywhere:
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Coherent pattern
arXiv:2012.13241: B+→ K*+µ+µ- arXiv:2107.13428: B0

s→ φµ+µ-arXiv:2003.04831: B0→ K*0µ+µ-
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Figure 3: CP -averaged angular observables FL and S3,4,7 and CP -asymmetries ACP
FB and A5,8,9

shown by black crosses, overlaid with the SM prediction [46–49] as blue boxes, where available.
The grey crosses indicate the results from Ref. [4]. The grey bands indicate the regions of the
charmonium resonances and the B0

s ! �� region.
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Martino Borsato - Heidelberg U.

Hadronic uncertainties: charm loops

I important for resonance
regions (charmonia)

I SM effect contributing to C�`

I depends on q�, lepton univ.
I quark-hadron duality approx

at large q� (syst of few %) B M

`+

`�

Oi

cc̄

3

Several approaches agree at low-q�

I LCSR estimates [Khodjamirian, Mannel, Pivovarov, Wang; Gubenari, Van Dyk]

(see talk by Gubenari)
I order of magnitude estimate for the �ts (LCSR or ⇤/mb), check with bin-by-bin

�ts QM: we include a nuisance parameter si to allow for
constructive/destructive interference between charm and short-distance

for each amplitude widening theo uncertainties [Crivellin, Capdevila, SDG, Hofer, Matias;

Straub, Altmannshoffer; Hurth, Mahmoudi]
I �t of sum of resonances to the data [Blake, Egede, Owen, Pomery, Petridis]
I dispersive representation + J/ , (�S) data [Bobeth, Chrzaszcz, van Dyk, Virto]

Is charm-loop overestimated instead of underestimated?

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��

 angular analysesb → sμμ
๏ Several groups performed fits to

 results (and more)
• Varying all relevant effective couplings
• Taking into account Theo. and exp. 

uncertainties and correlations

๏ Simple fits of vector coupling  
reported with LHCb  angular 
analyses give consistent results

๏ Theory uncertaities under scrutiny
• Special attention to the role of non-

local charmonium loops
• Could cause a shift in SM 

b → sμμ

C9
b → sμμ

C9

13

°3 °2 °1 0 1
¢Re(C9)

Bs ! ¡µ+µ°
B+ ! K§+µ+µ°
B0 ! K§0µ+µ° 3.3σ 

3.1σ 

1.9σ 

Private compilation of the Flavio fits results  
presented in from PRL 125(2020)011802, 
PRL 126(2021)161802, LHCb-PAPER-2021-022

Re(C9 − CSM
9 )

A growing number of global fits:
Algueró et al: arXiv:2104.08921

Altmannshofer et al: arXiv:2103.13370
Ciucchini et al: arXiv:1903.09632

Geng et al arXiv:2103.12738 
Hurth et al: arXiv:2104.10058

Kowalska et al: arXiv:1903.10932
and more…

Stay tuned for the 
discussion in the 

next talk and 
tomorrow

From: Martino Borsato, Flavour Anomaly Workshop, 
20 Oct 2021, https://indico.cern.ch/event/1055780/

http://arxiv.org/abs/2012.13241
http://arxiv.org/abs/2107.13428
http://arxiv.org/abs/2003.04831
https://indico.cern.ch/event/1055780/
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Geng et al arXiv:2103.12738 
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and more…

Stay tuned for the 
discussion in the 

next talk and 
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From: Martino Borsato, Flavour Anomaly Workshop, 
20 Oct 2021, https://indico.cern.ch/event/1055780/

T. Blake

Interpretation of global fits

7

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two

• Charm loop effects could also cause a shift in C9

https://indico.cern.ch/event/1055780/
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