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“may be interested to hear of another 

incidence of a (frog) returning alive from 

the stomach of a snake”

“out slid the frog; rather off-colour, and not 

very happy looking”
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“Surely something is wanting in our conception of the 
universe... positive and negative electricity, north 
and south magnetism…”

◆Matter Antimatter Symmetry 

“matter and antimatter may further co-exist in bodies 
of small mass”

5



6

Physics exploration at the LHC

• Energy

• Directly produce new particles 

and observe from their decays.

• Intensity

• Precision measurements and 

compare with theory



Matter & Antimatter at LHCb
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Fundamental 
difference between
matter and antimatter

Far too small to explain matter 
dominance over antimatter in the 
universe

Embedded in SM as an ‘add-on’ 
mechanism

Delicately broken symmetry allows to 
search for new physics phenomena
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~5mm, ~0.000000000001s

White: Tracks from proton-proton collision

Green: inferred D0 (charm quark) Red: Tracks from D0

(charm quark) decay
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70 million decays observed



1980
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ΔACP

2019

20081980

1 in 1000 difference

Upper end of SM predictions

separate into 

two decay channels 

LHCb-PAPER-2022-024

New !



CP Violation in 3-body B decays

• CP Violation discovered in three different 

B± 3-body decays

– B±→K±K+K–, B±→π±π+π–, B±→π±K+K–

• Largest CP asymmetry ever observed

– 75% in selected phase space region

• 7 times more B- contribution than B+

• In different phase space regions flips 

between more B+ or more B-

• Understanding relationships between 

different decays

– Cancellations needed as particle anti-

particle lifetimes are same

B-

B+

LHCb-PAPER-2021-049

LHCb-PAPER-2021-050New !

11Chris Parkes, Antimatter Matters: LHCb



LHCb Recent Results: 3 Trillion Hz of Quantum Mechanics

• Fascinating 

Quantum 

Mechanics

– Bs particle anti-

particle 

oscillations

• Clear oscillations -

text book plot !

• Precision: 3 x 10-4, 

LHCb Legacy Δms

LHCb-PAPER-2021-005
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Charming Mass Difference

• D0 particle anti-particle oscillations

– Frequency controlled by mass difference

– m1-m2 = 6.4x10-6 eV = 

0.00000000000000000000000000000000000001 grams

• Fascinating quantum mechanics – milestone in field

LHCb-PAPER-2021-009
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New particle discoveries
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Hadrons

• 68 particles discovered at LHC

• 60 at LHCb
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Hadrons

• Many many particles containing quarks, hadrons, known:

– Proton, neutron, pion, kaon…..

– Ground states and excited states,

– most are unstable

– Classify: Mesons: 2 quarks (quark antiquark).

Baryons: 3 quarks

More ?
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A note on history of exotic hadrons

• Claimed but not 

confirmed pentaquarks…..

“Observation” of a pentaquark

𝛩+
→ nK+/pK0

S

AIP Conf.Proc. 842 (2006) 1, 409-417
arXiv:hep-ex/0406077
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Pentaquarks at LHCb
ADVERTISEMENT

Science & Environment

14 July 2015
 Science & EnvironmentLarge Hadron Collid

er d
iscovers new pentaquark

partic
le

By Paul R
incon

Science editor, B
BC News website

An illu
stra

tion of one possible layout of quarks in a pentaquark partic
le such as those seen at LHCb

(showing fiv
e tig

htly-bonded quarks)

Scientis
ts at th

e Large Hadron Collid
er h

ave announced th
e discovery of a

 new

partic
le called th

e pentaquark.

It w
as firs

t predicted to exist in
 the 1960s but, m

uch lik
e the Higgs boson partic

le before it,
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Exotic Hadrons at LHCb

• Pentaquark in different decay channel, 

containing the strange quark

Isospin partners

• Pair of tetraquarks 

at the same mass

– Ta
cs0(2900)++

– Ta
cs0(2900)0

19

New !



Exotic Hadrons: Tetraquarks & Pentaquarks

• We have observed quite a collection of exotic hadrons in recent years

• Starting to understand that they can be placed in multiplets

– Families of related exotic hadrons  

• Many models of the quark configurations

– Molecule-like ? Tightly bound ?

– New observations will allow us to disentangle their nature
Chris Parkes, Antimatter Matters: LHCb

“plain”
diquark

model
hydro-charmonium

model

molecular

model
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LHCb Collaboration & Detector
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LHCb Community

• 1065 members

• 96 Institutes

• 21 Countries

• One of four large experiments at the CERN Large Hadron Collider

• Detector is designed, built, operated and data analysed by the 

full international collaboration

• Collaboration is organized in projects and working groups

CMS

LHCb ATLAS
ALICE

Switzerland

France

LHCb

CMS

ATLAS

ALICE

CERN

THE LARGE HADRON 
COLLIDER

 

 The Large Hadron Collider (LHC), at  CERN, Geneva, is the W orld ‘s largest   

and most  powerful part icle accelerator

Proton beams are circulated in 

both direct ions around the LHC’s 

27km circumference ring and 

are brought  int o collision at  four 

points, approximately 10 0 m below  

ground. The LHCb experiment  is 

located at  one of these points and 

is the LHC experiment  dedicated 

primarily t o looking f or d if ferences 

between mat ter and ant imat ter in 

part icles containing beauty and 

charm quarks. The UK is the lead 

cont ribut ing nat ion t o the  

LHCb experiment .

The part icles produced from each proton-

proton collision t ravel through the LHCb  

detector. Each of LHCb’s sub-det ectors 

specialises in measuring a diff erent  

characterist ic of the part icles such as its  

ident ity, t rajectory, momentum and energy. 

The UK has responsibilit ies in tw o key 

sub-detectors: the vertex locator and the 

ring-imaging Cher enkov system.

The Vertex Locator (VELO) ident if ies 

the product ion and decay points of the 

part icles containing beauty and charm 

quarks. It  is based on silic on sensors, similar  

to those in a d ig ital camer a, but  takes 

“pictures” forty million t imes per sec ond.

LHCb 

propagat ing  
waves of light

BELOW SPEED 
OF LIGHT IN MATERIAL

charged part icle

AT SPEED OF LIGHT 
IN MATERIAL

velocit y

ABOVE SPEED OF LIGHT  
IN MATERIAL

cone of light  
produced

charged 
part icles

proton

VELO silicon 
sensors

proton

B
_

 meson  

(ant imat ter)

B meson (mat ter)

phot on gluon

ONE HALF OF  
THE VELO DETECTOR

The ring-imaging Cher enkov detectors d ist inguish betw een different  t ypes of char ged 

part icles such as muons, pr otons, p ions and k aons. As the part icles t r avel through 

the gas volume of the det ector at  faster than the speed of light  in the gas the y emit  a 

coherent  shockwave of light , much lik e a sonic boom of an aer oplane t ravelling faster 

than the speed of sound in air . The system is composed of sensors tha t  are sensit ive to 

individual phot ons of this light .
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• 646 papers

~ 1/week



Upgrade I

• All sub-detectors read out at 40 MHz for a fully software trigger

• Pixel detector VELO with silicon microchannel cooling 5mm from LHC beam

• New RICH mechanics, optics and photodetectors

• New silicon strip upstream tracker UT detector

• New SciFi tracker with 11,000 km of scintillating fibres

• New electronics for muon and calorimeter systems

Major project
installed for 

operation in Run 3

• Target  Lpeak = 2x1033 cm-2 s-1, pile-up ~5

Upgrade I

2022-2032
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LHCb Upgrade I: VELO

• Hybrid Pixel Detectors (55μm pitch)

• Close to the LHC beam (5.1 mm)

• retracted/reinserted each fill

• Innovative silicon microchannel substrate

• Bi-phase CO2 cooling

• Installation completed May 2022, now commissioning

CERN-LHCC-2013-021

Chris Parkes, Antimatter Matters: LHCb 25



LHCb Upgrade I: SciFi

• Large scale tracking stations after 

magnet

• Scintillating Fibres

– 250μm diameter, 2.5m long

• Signal readout by SiPMs

– Operate at -40 C

• 12 layers of mats

• 6 layers of fibres in each mat

– 12,000 km of fibre !

• Installation completed March 

’22, now commissioning

CERN-LHCC-2014-001
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LHCb Upgrade I: Trigger Revolution
CERN-LHCC-2014-016

CERN-LHCC-2020-006

• All sub-detectors read out at 40 MHz for a fully software trigger

• Factor of ~ 10 increase expected in hadronic yields at Run 3 

• 30 MHz of inelastic collisions reduced to 

~1MHz by the first trigger (tracking/vertexing 

and muon ID) running on GPUs 

– ~ 200 cards

• Highest throughput of any HEP experiment

Chris Parkes, Antimatter Matters: LHCb 27



Real Time Analysis - Turbo

• Online Align and Calib means…

• Optimal quality reconstruction online in trigger

– No need for re-reconstruction

– No need to keep raw data

• Benefits:

– Expansion of physics programme

– Large reduction in computing resources (raw data 200kB, triggered objects 15kB)

• Risks:

– Reprocessing not 

possible in case of errors

• Selective persistence 

Only signal decay 

tracks….

those in cone around...

those from same PV....

All tracks in event….

All ECAL clusters....

CERN-LHCC-2018-014
CERN-LHCC-2018-007

e.g. VELO alignment performed 

online in 7mins in Run2 

Chris Parkes, Antimatter Matters: LHCb 28



Commissioning
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First13.6 TeV Collisions

• Commissioning proceeding well – recent milestones include:

– Full VELO closing, first alignment, first fixed target operation

– GPU based trigger operation with track reconstruction

VELO Closed
Simultaneous pp

& fixed target operation

RICH1&2 Rings



• Physics programme limited by detector, NOT by LHC

• Hence, clear case for an ambitious plan of upgrades

Upgrade IIUpgrade I

LHCb Upgrades

Original

• Still only at the start of our journey

Approved March 2022

Precision timing < 50ps

CMOS tracking

Upgrade I

Original

Upgrade II

2009-2018

2022-2032

2033-

Chris Parkes, Antimatter Matters: LHCb 30



Upgrade IOriginal Upgrade II

2009-2018 2022-2032 2033-
Summary

• LHCb Upgrade I 

– Largest CERN particle physics 

project since LHC completion

– Despite pandemic completed on-

budget near-schedule

• LHCb physics

~650 papers so far, many more to 

come from Run 2 analysis

CP Violation discoveries

Exotic hadron discoveries

• LHCb Upgrade II

– project taking shape: Framework TDR approved, R&D setting path to future 

Chris Parkes, Antimatter Matters: LHCb 31



Backup
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RICH1: MaPMTs installed upper side

RICH2: first rings, LHC October ‘21 test
RICH1: pixel map

LHCb Upgrade I: RICH 1 & 2 CERN-LHCC-2013-022

• Unique particle identification system, key for 

success of physics programme

• RICH1&2: new photodetector MaPMTs with

Increased granularity and 40MHz readout

• RICH1: new design with new optical system

with increased focal length, to halve occupancy

• Installation successfully 

completed in February ‘22

• Detector commissioned &

now in data taking

Chris Parkes, June 2022 33



• Detector installation underway

LHCb Upgrade I: Upstream Tracker CERN-LHCC-2014-001

• 68 staves with silicon strips and integrated 

cooling, arranged in 4 planes

– fast pT determination for track extrapolation 

→ reduce ghost track, and improve trigger 

bandwidth

– long-lived particles decaying after VELO 

(𝐾𝑆, Λ)

• Detector assembly ongoing at surface

– services in the cavern completed, 

first stave mounted
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LHCb Upgrade I: PLUME & SMOG
CERN-LHCC-2021-002

CERN-LHCC-2019-005

• Systems at the entrance of the VELO 

are ready to operate

• PLUME  luminometer
– quartz tablets + PMTs

– online+offline per-bunch luminosity measurement

– in Global data taking

• SMOG2 gas target

– New storage cell for the gas upstream of the nominal IP 

– Gas density increased by up to two orders of magnitude →
much higher luminosity

– Gas targets: 𝐻𝑒, 𝑁𝑒, 𝐴𝑟 + possibly 𝐻2, 𝐷2, 𝑁2, 𝐾𝑟, 𝑋𝑒

– Installed & tested

– Simultaneous p-p and p-gas data taking possible!

Chris Parkes, June 2022 35



Breadth of LHCb Physics: QCD

• Many new LHCb results released

on QCD with pp, pPb, PbPb and fixed target programme

for Quark Matter in Krakow  

QM ‘22

• LHCb gas injection system: p He collisions

• Detached 𝑝 from anti-hyperons decays

• Interpretation AMS/PAMELA data

• Predictions underestimate

LHCb-PAPER-2022-006  

arXiv 2204.13042

Chris Parkes, June 2022 36

• ΤBs
0 B0 ratio vs multiplicity 

– evidence of a trend at low pT
• Strangeness enhancement at high multiplicity

observed by ALICE Nat. Phys. 13 (2017) 535



Breadth of LHCb Physics: Electroweak

• LHCb results in Precision Electroweak

• W mass – hot topic with recent CDF result

• Pathfinder LHCb result with 2016 data only

JHEP 01 (2022)  36

arXiv 2203.01602

arXiv 2212.07458

Chris Parkes, June 2022 37

• First measurement of the 𝑍 → 𝜇+𝜇−

angular coefficients and differential  

cross section in the forward region
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European Strategy Update 2020 "The  full potential of the LHC and the HL-LHC, 

including the study of flavour physics, should be exploited”  

LHCC-2018-027LHCC-2017-003

Expression of Interest Physics case

CERN-ACC-2018-038

Accelerator study

CERN Research Board  

September 2019 

"The recommendation to prepare a framework TDR for the 

LHCb Upgrade-II was endorsed, noting that LHCb is 

expected to run throughout the HL-LHC era.” 

Approved March 2022

R&D programme followed

by sub-system TDRs

Upgrade II: steps so far

Chris Parkes,  LHCb Upgrade II

LHCC-2021-012

Upgrade II

2033-

https://cds.cern.ch/record/2720131
http://cdsweb.cern.ch/record/2776420?ln=en
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Constraining the Unitarity Triangle

LHCb only, end of 2018 LHCb Upgrade II + LQCD improvement

LHCb Upgrade II will test the CKM paradigm with unprecedented accuracy 

• Current data show no significant deviations from the SM on ∆F=2 observables 

and many other flavour-changing processes

• Either NP is very heavy of it has a highly non trivial structure 

Chris Parkes,  LHCb Upgrade II

Arguably the greatest likelihood of a further paradigm shifting discovery at the 

HL-LHC lies with flavour physics
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Lepton flavour universality

• LHCb Upgrade II is the only 

planned facility with a realistic 

possibility to observe CPV in 

charm mixing (at >5𝜎 if present central values are assumed)

CP violation in charm

LFU and Charm CPV

Chris Parkes,  LHCb Upgrade II

• Capability to discriminate 

between different NP scenarios, 

no limitations from theory
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Targeting same performance as in Run 3, but with pile-up ~40!

Same spectrometer 

footprint, innovative 

technology for 

detector and data 

processing

Key ingredients:   

Run 3:  pile-up ~6

Upgrade II:  pile-up ~42
~2000 tracks ~6 cm

• granularity          

• fast timing  (few tens of ps)  

VErtex LOcator (VELO)

The detector challenge

Chris Parkes,  LHCb Upgrade II

• radiation hardness



4D Vertexing: Precision Timing
42 interactions

• 4D tracking

• Ensures similar 

performance to 

U1 at U2

– ~ 50ps, 50μm2

• Extreme lifetime 

fluence

– 6 × 1016𝑛𝑒𝑞
/𝑐𝑚2

JI
N

ST
 1

5
 (

2
0

2
0

) 
P

0
9

0
2

9
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Testbeam

3D detectors, 15ps

LGAD & thin planar 

also studied

20ps time window

Chris Parkes,  LHCb Upgrade II



Tracker: Rad Hard DMAPs, first of kind at LHC
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• Monolithic Active Pixel Sensors in 

the inner region (50 × 150𝜇𝑚2)

– Radiation requirements in UT

3 × 1015𝑛𝑒𝑞/𝑐𝑚
2

– low-cost commercial  process, 

low material budget

• Scintillating fibres in the outer 

region

– radiation-hard fibres, cryogenic 

cooling, micro-lens enhanced 

SiPMs

HVMAPS at testbeamChris Parkes,  LHCb Upgrade II


