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U   Beyond the 
Energy Frontier:

Chasing the ghosts

Chris Parkes, Southampton, Halloween 2014
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Beyond the 
Energy Frontier

•  LHC Run I: Detector Performance
     Physics Highlights

(>200 papers)
•  New Paper: Dπ+π-π0

•  Longer Term: Upgrade
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The Ghostbuster:
Introducing the experiment

& its physics highlights

• Mixing & Indirect CP
• Direct CP
• Rare decays
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Interaction
Point

Muon System

Calorimeters Tracking  System

Vertex 
Locator

RICH Detectors
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• LHCb: 
•  study CP violation
•  rare B decays
New Physics

• Requirements:
•  efficient trigger on leptons and hadron 
channels

•  efficient particle ID for flavour tagging 
and background rejection

•  good proper time resolution for time 
dependent measurements of Bs decays

•  good B mass reconstruction for 
background rejection

Aims & Critical 
Components
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• UK
– “UK’s LHC experiment”: 18% of Collaboration
– major contributors both key detectors (VELO/RICH) 

• Key Responsibilities
– 2 Spokespersons
– 2 Physics Co-ordinators
– 2 RICH & 3 VELO Project Leaders

• Cost 
– £ Entire LHCb < Cost of ATLAS SCT
– £ VELO R&D < Cost of ATLAS spare module boxes

Flag 
Waving

ALICE ~ 1000 authors
ATLAS~ 3000 authors
CMS ~ 3000 authors
LHCb ~ 600 authorsLHCb; 39%

ATLAS; 18%

CMS; 34%

ALICE; 10%

Physics Papers 2013



LHCb:A New Era in Flavour Physics

• Precision Measurements
– Challenging forward region at hadron 

collider
– Need events !
– Need detailed understanding 

Of detector & systematics

• Compelling results 

from initial operation
7

Discovering New Physics
 through indirect effects:

sensitive far beyond 
direct particle production reach

Key LHCb Attributes:
Cross-section, 
Acceptance, 
Trigger, 
Vertex Resolution,
Momentum Resol., 
Particle ID

Chris Parkes
 



CP Violation Refresher
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Oscillations 
& Time-dependent (indirect) CP 

B / Bs system
D system 
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 Dominated by top quark contribution :
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 Feynman (box) diagrams for neutral B-meson mixing:
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Measuring Bs mixing – tagging & decay time

opposite-side K

jet charge

Decay mode
tags b flavor
at decay

2nd B tags production flavor Proper decay time
from displacement (L)
and momentum (p)

 Need to determine:
– Flavour at production  tagging
– Flavour at decay, from final state
– B decay length
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Bs Mixing Measurement

• CDF discovery 2006, LHCb measurement 2011

Oscillations occur at  3 trillion Hz !
Observed amplitude is not 1 as smeared

- Mistag (B or B) of events
- Resolution on time

Line is fitted oscillations
Points are data

Low background

Most precise measurement of |Vtd/Vts|

Δms= 17.768 ± 0.023 (stat) ± 0.006 (syst) ps−1
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Semi-leptonic B Mixing Measurement Thomas Bird

Listen to mixing !
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reminder x<<1 only small fraction of an 
oscillation before decay 

suppressed

suppressed

suppressedsuppressed

DCS mixinginterference

Charm x-sec 20 times B x-sec
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1. Wrong sign / right sign

Key points on D mixing

Flat with time? no mixing, increases with time ? mixing

See just first part of oscillation curve 



LHCb: Vertex LOcator

Chris Parkes
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~ 1 cm

B

Beauty mesons live 10-12s

Multiply by c and γ

Travel few mm 

injection

stable
beams

x

y
60 mm

partly overlapping
sensors

vacuum
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Performance: Vertex Resolution

-

+

10 mm

B0

Primary
Vertex

• Key Physics quantity 
in identifying long 
lived 

B meson decay

propertime resolution 
• ~50fs tracks

Vertex resolution 
• 15μm in XY at 25 tracks
• 70μm in Z 



VELO Closing

• First strip only 8mm 
from LHC beam

• Move detector in each 
fill of machine

• Update alignment 
parameters 

Chris Parkes
 

18



Chris Parkes 19

CP Violation in B mixing ?
Like-sign dimuon asymmetry 
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Like-sign dimuon asymmetry
D0 Collab.

B0/B0
s
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example decay:

• Produce BB pair (or Bs)
• If one oscillates before decaying
     get two like sign leptons (++ or --)
• If no CP Violation in mixing get

     N++ =N--
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New Physics ? Situation unclear –improved measurements needed

Like sign dimuon asymmetry: current results

D0 – B and Bs decays 
inclusively (mainly)

Tevatron: proton anti-proton – equal matter anti-matter 
LHC: proton proton production asymmetry, makes analysis more 
tricky, but LHC statistics much higher

LHCb – Bs / Bd only: 
first results compatible 

SM and D0 !

A
sy

m
m

e
tr

y 
B

0
s

Asymmetry B0

NEW ! asl
d



LHCb: Initial Highlights – Φs

• Φs: Bs mixing phase
– Tagged, time dependent, angular analysis
– TeVatron SM discrepancy resolved

Chris Parkes
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NEW ! 



LHCb: Initial Highlights – Charm 

Chris Parkes
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• Charm CP Violation

– Direct CP Asymmetry
– Indirect CP (AΓ)



Direct / Time-integrated CP Violation 
including discovery of 

CP Violation in Bs system
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Time-integrated measurement: Direct CP Violation 

Direct CP Violation: two-body B0 & Bs decays
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Time-integrated measurement: Direct CP Violation 

Direct CP Violation: two-body B0 & Bs decays
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Time-integrated measurement: Direct CP Violation 

Direct CP Violation: two-body B0 & Bs decays

Use f

B0   K 

Bs  K  

B0   K 

Bs  K  
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However several different two-body B decays
Separate with Particle ID and mass for B0/Bs

Direct CP Violation: two-body B0 & Bs decays

(also Λb, 3-body backgrounds)

Bhh, (h=K,π)

B0   K 

Bs  K  



Ring Imaging Cherenkov (RICH)
• Unique at LHC: π/K/p separation

– Measure particle velocity through Cherenkov effect 

• Two RICH detectors – lower / higher momentum

Chris Parkes, University of Manchester 29

Gas enclosure and 
mirrors installed in 
LHCb pit 



Particle Identification

30

RICH PID across wide momentum range 

→ K+ K

Clean reconstruction of 
hadronic decays critical to 

many physics results



10.5σ 
Asymmetry

Chris Parkes  31

PRL110, 221601 2013

B B

BsBs6.5σ 
Asymmetry FIRST CP

Direct CP Violation: two-body B0 & Bs decays



Dalitz Plots – three body decays
B+h+h+h-

Dh+h+h-
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Dalitz Plot – Visualize three body decays

Dalitz Plot: Scatter plot in mab
2, mac

2

If no intermediate structure then uniformly populated 
(inside kinematic bounds)

If intermediate resonances, r, 
then plot will have internal structure

Shorter-lived resonances – larger widths

Richard Dalitz

• Energy Conservation sets boundaries of plot
• Q = TA+TB+TC, 
• Q energy released in decay of P, 
• Ti K.E. of product i

m2
bc

P ABC

P rC,   r AB
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CP Violation in B+hhh

• B+h+h+h- (where h= K or π)
• Both tree & penguin diagrams contribute
• Any difference B+/B- is CP violation

• Search for global 
• & local asymmetries

arXiv:1408.5373v1

Dalitz Plot

ρ0(770), f0(980)

K*(890), K*(1430)

χc0
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CP Violation in B+hhh

• Make Dalitz plot for B+,B-

• Any difference is CP violation

• Local regions of large CP violation

• 3rd Year u/g Lab 
experiment in
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Direct CP Violation Search 
Dπ+π-π0

New !

• First LHCb CPV result with π0

• First use of Energy Test 

Slides: Shanzhen Chen
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Rare B decays
B(s)  +- 

B0K*μ+μ- 
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Rare Decay Loops
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Rare B decays – All active research topics at LHCb

DECAY TYPE B.R. (approx.)

     B0  K*0 
     Bs  
     B0  

Radiative penguin
4.0 x 10-5

2.1 x 10-5

4.6 x 10-7

     B0  K*0  Electroweak 
penguin

1.2 x 10-6

     Bs  
     B0  KS

Gluonic penguin
1.3 x 10-6

1.4 x 10-6

     Bs   Rare box diagram 3.5 x 10-9

Radiative penguin
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The B(s)  +- decay (1/2)

•  Really really rare!  But well predicted in SM

SM box SM Penguin

•  Sensitive to New Physics
in SUSY models

• Unique Experimental signature
• Easy to identify / trigger – good for ATLAS/CMS as well
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25 year long search

Phys.Rev.Lett. 108 (2012) 231801

SM theory

Powerful constraint on SUSY



Chris Parkes
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NEW !



LHCb: Initial Highlights– B0K*μ+μ- 
• B0K*μ+μ-: NP in loops

– Rare decays are not so rare now !

Chris Parkes
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Beyond the 
Energy Frontier

•  Upgrade

New ! Recommended for approval by STFC



LHCb Physics Programme

But NOT Limited by LHC
Limited by Detector

• Upgrade to extend Physics reach 
– Exploit advances in detector technology

–Displaced Vertex Trigger, 40MHz readout
–Radiation Hard Vertex Detector

– Better utilise LHC capabilities
• Timescale, 2018-2020
• Collect >50 fb-1 data
• Modest cost compared with 

existing accelerator infrastructure

Independent of
LHC upgrade

• HL-LHC not needed
• But compatible
With HL-LHC phase

Chris Parkes
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LHCb Trigger: the key to higher Lumi      

Current First Trigger Level:
Hardware Muon/ECAL/HCAL

1.1 MHz readout

Performance:
Muon channels scale

Hadronic channels saturate bandwidth
Chris Parkes
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20 kHz

Solution: Upgrade detector to 40MHz readout

Upgrade Trigger fully software based
Runs in stageable Event Filter Farm
Up to 40 MHz input rate 
20 kHz output rate
Trigger has access to all event 
information

Run at L > 1033 cm-2 s-1

~ Gain of 2 in signal rates for hadronic
dependent on farm size

HLT
Tracking and vertexing
Impact Parameter cuts

Inclusive/Exclusive selections

HLT
Tracking and vertexing
Impact Parameter cuts

Inclusive/Exclusive selections

40 MHz
Optional 

Low Level Trigger
throttle

1-40 MHz 

Efficiency Farm Size =
5 x 2011

Farm Size = 
10 x 2011

Bs →  29% 50%

B0 → K* 75% 85%

Bs →  43% 53%

Chris Parkes
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• 40 MHz Readout of all subdetectors
• Flexible Trigger: General purpose 

experiment in forward region

Retain key LHCb advantages:
• Vertex Resolution, Momentum resolution, Particle ID

• Installation 2018
• LOI submitted March 2011
• Approved by LHCC June 2011

•  “compelling physics case”
• Funding effectively in place October 2014

LHCb Upgrade Overview

Chris Parkes, University of Manchester
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LHCb Upgrade to 40 MHz

VELO
Pixel

Detector

Silicon Tracker
Silicon strips

Outer Tracker
Scintillating 

Fibres

RICH
Photon 

Detectors & 
(partial) 

mechanics

Calo 
PMTs (reduce PMT 
gain, replace R/O)

Muon  MWPC
(almost compatible)

54Chris Parkes
 



VELO Design

Chris Parkes
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Thomas Bird

cross  
section 



Summary
• Physics Highlights

– New Physics searches at 

mass scales beyond direct production
– CP Violation, Rare Decays
– Dπ+π-π0

• LHCb Upgrade
– 40 MHz Readout of all subdetectors

•  trigger flexibility

– Installation 2018-2020

Chris Parkes
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• asl, RK 



Backup

Chris Parkes
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Luminosity and Pile-Up

• LHCb design: L ~ 2x1032 cm-2 s-1 with 25 ns BX

 interactions / beam crossing = 0.4
• LHCb operations in run I:  L up to 4x1032 cm-2 s-1 with 50 ns BX

 interactions / beam crossing = 2
• LHCb Upgrade: L > 1x1033 cm-2 s-1  with 25 ns BX

interactions / beam crossing = 2

• LHCb design: L ~ 2x1032 cm-2 s-1 with 25 ns BX

 interactions / beam crossing = 0.4
• LHCb operations in run I:  L up to 4x1032 cm-2 s-1 with 50 ns BX

 interactions / beam crossing = 2
• LHCb Upgrade: L > 1x1033 cm-2 s-1  with 25 ns BX

interactions / beam crossing = 2

Chris Parkes
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Luminosity and Pile-Up

• LHCb design: L ~ 2x1032 cm-2 s-1 with 25 ns BX

 interactions / beam crossing = 0.4
• LHCb operations in 2011:  L up to 4x1032 cm-2 s-1 with 50 ns BX

 interactions / beam crossing = 2
• LHCb Upgrade: L > 1x1033 cm-2 s-1  with 25 ns BX

interactions / beam crossing = 2

• LHCb design: L ~ 2x1032 cm-2 s-1 with 25 ns BX

 interactions / beam crossing = 0.4
• LHCb operations in 2011:  L up to 4x1032 cm-2 s-1 with 50 ns BX

 interactions / beam crossing = 2
• LHCb Upgrade: L > 1x1033 cm-2 s-1  with 25 ns BX

interactions / beam crossing = 2

Chris Parkes
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•LHCb already running at twice design 
luminosity

•Pile-up already at level expected at start 
of upgrade

•Short 25ns test run also occurred in 2011

•Can use current data to project future 
performance of upgrade



Velo Upgrade

• New Velo @40 MHz readout 
– Pixel detector: VELOPIX 

based on Timepix chip
• 55 μm x 55 μm pixel size

– Strip detector
• New chip

• New Velo @40 MHz readout 
– Pixel detector: VELOPIX 

based on Timepix chip
• 55 μm x 55 μm pixel size

– Strip detector
• New chip

• R&D programme
– Module structure (X0)

– Sensor options
– Planar Si, Diamond, 3D

– CO2 cooling

– Electronics
– RF-foil of vacuum box

• R&D programme
– Module structure (X0)

– Sensor options
– Planar Si, Diamond, 3D

– CO2 cooling

– Electronics
– RF-foil of vacuum box

Chris Parkes
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Velo R&D 

Sensor Angle (deg)

(
m

)

Chris Parkes
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• Micron resolution, high rate

 telescope based on TimePix

Planar Sensor Studies

JINST 6 P05002 (2011)

3D Sensor Studies Nucl. Instrum. Meth. A Volume 661, 
Issue 1, 1 January 2012, Pages 31-49

E
ffi

ci
e

nc
y



~Timescales: LHCb & Accelerator
• 2011: 1.2 fb-1

• Doubling time for 
statistics requires 
upgrade ~ 2018

Chris Parkes
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2010 - 2012
Start of LHCb physics 

programme
7-8 TeV  

2010 - 2012
Start of LHCb physics 

programme
7-8 TeV  

Long shutdown
Splice repairs

2015-2017
14 TeV

LHCb > 5 fb-1

2015-2017
14 TeV

LHCb > 5 fb-1

Injector and LHC
Phase I GPD upgrades

2018-2022
Start of LHCb upgrade physics 

programme

2018-2022
Start of LHCb upgrade physics 

programme

Towards High 
Luminosity LHC

LHCb upgrade 
installed

LHCb upgrade 
installed



CP Violation: Upgrade Examples
• Core familiar physics – two examples:
• ϕs  : Mixing induced CPV in Bs 

– Phase I: Observe NP in ϕs if larger than 3xSM
• arXiv:1112.3183; arXiv:1112.3056

– Upgrade: Beyond SM precision measurement: σ≈0.006

• Rare penguin decay topologies sensitive to NP: 
Charmless hadronic B-decays
– Phase I: Direct CP violation in Bs and Λb, 

            Time dependent CPV in BsK+K- (arXiv:1111.0521)

– Upgrade: Precision time dependent CPV in penguin 
dominated BsK*0K*0 (arXiv:1111.4183),  Bsϕϕ : σ ~ 0.02

• Afs- probing D0 result soon; CKM angle γ….

–  

Chris Parkes
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Rare Decays
• Bs,dμ+μ-

– Phase I: Search for NP in 
Bsμ+μ- 

(arXiv:1112.1600, arXiv:1103.2465)

– Upgrade: Correlation 
Bsμ+μ- vs Bdμ+μ- 

• B0K*0μ+μ- 

– Phase I: measure AFB 
and other observables 

(arXiv:1112.3515)

– Upgrade: precision full 
angular analysis

• Radiative decays:  bs γ : Bsϕ γ, 
photon polarisation (flexible trigger)

Chris Parkes
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Probing MFV Scenarios



Charm
• LHCb is world’s foremost charm factory

– Evidence direct CP violation (arXiv:1112.0938)

– Probing oscillations (yCP)

– CP violation in mixing* (AΓ) (arXiv:1112.4698)
• Upgrade D sample approx 1000 X B factories and time dependent measurements 

benefit from excellent resolution

– Rare decay measurements e.g.                   
• where limit currently 106 X larger than SM

– Dalitz Analyses e.g.

– Time dep. CP violation in   

Chris Parkes
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* mostly, see arXiv:1111.6515



Sensitivities to key flavour channels

Chris Parkes
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• Unique potential Bs / b baryon sector

• Charged particle final states far in excess of other facilities



Lepton Flavour Violation

Lepton Flavour violating τ-decays
– Vanishingly small in SM with mixing

• LHC mainly produces τ’s from B and Ds decays

– LHCb : τ3μ
• Phase-1: aim to match B-factories with few years
• Upgrade: 10-9 level

Chris Parkes
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.

(arXiv:1110.0730)

• Neutrino oscillations established
• but low neutrino mass scale to be understood
• Heavy Majorana neutrinos in many NP models

• e.g. νMSM (dark matter, baryon asymmetry)
• Direct Search: long lived from B& D decays

• Indirect: lepton violating e.g.  



Electroweak & QCD

Chris Parkes
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• Boson follows quark direction in forward
• Hence asymmetry measurements at LHCb

– sin2 θeff
lept : measure AFB of leptons in Z-decays

• raw AFB asymmetry factor 5 larger than @ LEP

• Top quark forward-backward asymmetry
• Constraining pdfs, e.g. W Charge Asymmetry  

– changes sign in LHCb region: constraints on the low x 
quark content of the protons at high q2

• Central Exclusive Production

GPDs • pp  p + X + p   
with rapidity gap:
– Photon or 

pomeron 
exchange



Exotics

• Hierarchy problem: why is Higgs mass not at Planck scale?
– Many models (Susy, Xtra dimensions, Technicolour, Little Higgs) predict new states at TeV 

scale: Z’, 4th generation, leptoquarks, Hidden Valley particles

• Hidden Valley particles carry “v” quantum number and can be low mass
– Lightest v-particle is a dark matter candidate
– V-neutral particles might have long lifetime and decay, e.g. to b bbar
– V flavoured particles could be produced by Higgs

• Hierarchy problem: why is Higgs mass not at Planck scale?
– Many models (Susy, Xtra dimensions, Technicolour, Little Higgs) predict new states at TeV 

scale: Z’, 4th generation, leptoquarks, Hidden Valley particles

• Hidden Valley particles carry “v” quantum number and can be low mass
– Lightest v-particle is a dark matter candidate
– V-neutral particles might have long lifetime and decay, e.g. to b bbar
– V flavoured particles could be produced by Higgs

M.J. Strasser and K.M. 
Zurek, Phys. Lett. B 661 

(2008) 263

Chris Parkes
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LHCb is a dedicated experiment to study  
flavour physics at the LHC

•  Search for New Physics in quantum loop processes

•  CP violation and rare decays allowing to probe

   beyond the LHC energy frontier

Detector requirements

• Efficient trigger for both leptonic and 

hadronic final states

• Excellent vertex finding and tracking efficiency

• Outstanding particle identification

Primary vertex:
many tracks ~50
Primary vertex:
many tracks ~50

B decay vertices: 
a few tracks 
B decay vertices: 
a few tracks 

B-

-

+

µ-

D0µ

10 mm

B0

Introducing LHCb

K/π separation K/π separation 



Vertex Resolution
VELO - Highest Resolution Vertex Detector at LHC 

Identification of 
beauty and charm

 from displaced 
vertices critical to 

LHCb physics

71
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