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Overview 
§  Introduction to LHCb: 

– Physics	  mo9va9on.	  
– Detector	  requirements.	  
– Data	  taking	  performance.	  

§  Upgrade of LHCb: 
– Mo9va9on.	  
– Trigger	  /	  physics!	  
– Detector	  upgrades.	  
– Schedule.	  

§  Conclusions. 
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Why LHCb? 
§  Dedicated heavy flavour experiment at LHC. 
§  Measure CP-violation in b sector. 
§  Study rare b- and c- hadron decays. 
§  Indirect searches for New Physics 
§  Forward production of b-pairs with low angle. 

–  27%	  of	  b-‐pairs	  in	  LHCb	  acceptance	  @	  √s=7	  TeV.	  
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Detector Requirements 

§  Separa9on	  of	  primary	  and	  secondary	  ver9ces	  	  
§  Excellent	  momentum	  resolu9on:	  

–  δp	  /	  p	  =	  0.4%	  (5	  GeV)	  to	  0.6%	  (100	  GeV)	  
§  Par9cle	  Iden9fica9on:	  

–  Separa9on	  between	  γ,	  e±,	  mu±,	  π,	  K,	  p.	  
§  Trigger:	  

–  Efficient	  trigger	  for	  leptonic	  and	  hadronic	  final	  states.	  
–  Fast	  reconstruc9on	  of	  primary	  and	  secondary	  ver9ces.	  

arXiv:1205.3452	  
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LHCb detector 
Muon	  system	  	  

Calorimetry	  

RICH	  detectors	  

Tracking	  System	  

Par$al	  snapshot	  of	  physics	  programme:	  
-‐	  Marina	  Artuso:	  Mixed-‐induced	  CP	  viola9on	  in	  Bs.	  
-‐	  Vincent	  Tisserand:	  gamma	  from	  B	  à	  DK	  and	  related	  
modes.	  
-‐	  Ignacio	  Bediaga:	  Charmless	  in	  modes	  with	  similar	  tree	  
and	  penguin	  contribu9ons.	  
-‐	  Daria	  Savrina:	  b-‐baryons	  and	  heavy	  hadrons	  decays.	  
-‐	  Barbara	  Sciascia:	  Very	  rare	  B	  decays.	  
-‐	  Patrick	  Owen:	  b	  à	  sll	  exclusive	  decays.	  
-‐	  Alberto	  dos	  Reis:	  Charm	  mixing	  and	  CP	  viola9on.	  
-‐	  Sheldon	  Stone:	  Life9mes	  of	  b-‐hadrons.	  
-‐	  Lucio	  Anderlini:	  Bc	  proper9es	  and	  decays.	  
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Design:	  
§  √s	  =	  14	  TeV	  
§  2622	  bunches,	  25	  ns	  spacing.	  
§  L	  =	  2*1032	  cm-‐2s-‐1.	  
§  Average	  number	  of	  visible	  pp	  

interac9ons	  /	  bunch	  crossing	  (μ)	  =	  0.4.	  
	  
Reality	  (2011+2012):	  
§  √s=7	  TeV	  /	  8	  TeV	  
§  ≈1300	  bunches,	  50	  ns	  spacing.	  
§  L	  ≈	  2-‐4*1032	  cm-‐2s-‐1.	  
§  Higher	  pile-‐up.	  

–  <μ>	  ≈	  1.4	  /	  1.7	  
§  Luminosity	  levelling.	  
§  Exceeding	  design	  by	  factor	  two	  



Trigger in 2012 
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LHC Run 1 
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Integrated	  luminosity	  =	  3.22	  C-‐1	  
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LHC Run 2 

Integrated	  luminosity	  ≈	  8—10	  C-‐1	  



UPGRADE 
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CERN/LHCC/2008-007

22 April 2008

Expression of Interest
for an LHCb Upgrade

The LHCb Collaboration

Abstract

There is a growing international understanding that future flavour physics experiments will be required in
the second half of the next decade to either study the flavour structure of new particles discovered at the
LHC or to probe new physics at the multi-TeV scale. Here we present an expression of interest of the LHCb
collaboration for an upgrade of the LHCb detector after it will have collected a data sample of about 10 fb−1.
We envisage this upgrade to enable the LHCb experiment to operate at 10 times the design luminosity, i.e. at
about 2 × 1033 cm−2 s−1, to improve the trigger efficiency for hadronic decays by a factor of two and to collect
a data sample of ∼ 100 fb−1. In this document we briefly describe the motivation for an LHCb upgrade. We
then outline the R&D programme necessary to evaluate the required technologies for a high luminosity LHCb
upgrade, which must take place over the next few years.



§  No evidence for New Physics in LHC Run 1. 
–  Look	  for	  devia9ons	  from	  Standard	  Model.	  
– More	  data	  to	  challenge	  theore9cal	  predic9ons.	  

§  Expand physics programme: 
–  Electroweak,	  lepton	  flavour	  sector,	  exo9ca,	  QCD.	  

§  Limited by Level-0 hardware trigger. 
– Maximum	  rate	  is	  1.1	  MHz.	  

§  Higher luminosities: 
–  Trigger	  yield	  saturates.	  
–  Harder	  cuts	  on	  ET	  and	  pT.	  
–  No	  real	  gain	  in	  sta9s9cs.	  

§  Higher occupancy. 
–  Degraded	  detector	  performance.	  
–  Radia9on	  damage	  of	  detectors.	  

Why upgrade? 
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Upgrade strategy 
§  Remove Level-0 hardware trigger. 

– Read	  out	  every	  bunch	  crossing	  (40	  MHz).	  
– Replace	  all	  front-‐end	  electronics.	  

•  Replace	  also	  detectors	  with	  embedded	  read-‐out	  (VELO,	  
Silicon	  Tracker,	  RICH,	  …)	  

§  Trigger-less read-out system. 
– Full	  sopware	  trigger	  for	  every	  25	  ns	  bunch	  crossing.	  

§  Run at higher instantaneous luminosities. 
– Higher	  occupancy.	  

•  Redesign	  several	  sub-‐detectors	  (OT,	  RICH).	  
§  Install during LHC Long Shutdown 2. 
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Upgrade 
§  Conditions: 

–  Instantaneous	  luminosity	  =	  2*1033	  cm-‐2s-‐1.	  
– #	  visible	  interac9ons	  /	  crossing	  =	  5.2	  
–  Integrated	  luminosity	  =	  50	  w-‐1.	  

§  Challenge: 
– Maintain	  current	  reconstruc9on	  performance	  in	  
harsher	  environment.	  

– And	  read	  out	  the	  complete	  detector	  at	  40	  MHz.	  
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Physics reach! 
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Upgraded LHCb detector 
Muon	  system	  	  

Calorimetry	  Tracking	  System:	  
NEW	  DETECTORS!	  

Ring	  Imaging	  Cherenkov	  detectors:	  
Remove	  aerogel	  from	  RICH1+modify	  op9cal	  system.	  

NEW	  PHOTON	  DETECTORS	  AND	  READ-‐OUT!	  
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Calorimeters:	  
Remove	  SPD/PS	  –	  no	  L0	  trigger.	  
Operate	  PMTs	  at	  lower	  gain	  

NEW	  READ-‐OUT!	  

Muon	  system:	  
Remove	  M1.	  

NEW	  READ-‐OUT	  BOARDS!	  



TRIGGER AND ONLINE 
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Upgrade Trigger 
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30MHz Inelastic collision rate

Full Software Trigger

LLT (optional)
pT of h, µ, e, �

Full track reconstruction

Track fit
RICH particle ID

Inclusive and exclusive selections

15 to 30MHz

1 to 2MHz

Full detector data

EB Farm
Fast algorithms use partial
information

EF Farm

20 to 100 kHz

Figure 4.1: Schematic view of the full software trigger.

The LLT is an evolution of the current L0 trigger and uses limited information from731

the calorimeters and the muon stations. It is shown in this document that a LLT will732

not be necessary, but it will be kept as backup solution. This backup could reduce the733

input rate to the software trigger by a factor of two with limited cost in physics sensitivity.734

The advantage of maintaining this LLT is that it can be rapidly deployed in the face of735

changing beam conditions, should the LHC choose a filling scheme di↵erent to that which736

we presently expect.737

The full event reconstruction reconstructs tracks with a precision very close to o✏ine.738

Based upon this information, a trigger selection is performed that reduces the data rate739

by a moderate factor, at which point the kalman filter based track fit and the RICH based740

particle identification can be performed. The rate reduction is such that su�cient time is741

provided for the RICH ring finding algorithms as discussed in Sect. 4.4.4 . This particle742

ID information is then used to reduce the output rate to a level that can be processed by743

the o✏ine computing.744

One possible implementation of an inclusive beauty trigger is presented in Sect. 4.5.2745

Its performance is discussed in terms of e�ciency on selected signal channels, background746

33

§  Trigger-‐less	  read-‐out.	  
§  Zero	  suppression	  in	  front-‐ends.	  
§  Full	  detector	  data	  to	  Full	  Sopware	  Trigger.	  
§  Inelas9c	  collision	  rate	  is	  30	  MHz.	  

§  Low	  level	  trigger	  as	  thro}le.	  
§  Par9al	  informa9on	  from	  muon	  system	  

and	  calorimeters.	  

§  Full	  event	  reconstruc9on.	  	  
§  Run-‐by-‐run	  detector	  calibra9on.	  

§  2	  	  	  	  10	  GBytes/s	  to	  storage.	  

§  Perform	  simplified	  Kalman	  track	  fit.	  
§  Add	  RICH	  informa9on.	  
§  Inclusive	  and	  exclusive	  selec9ons.	  



VERTEX LOCATOR 
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Current VErtex LOcator (VELO) 
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§  Two	  retractable	  halves	  
–  5	  mm	  from	  beam	  when	  closed.	  
–  30	  mm	  during	  injec9on.	  
–  First	  measurement	  at	  8.13	  mm.	  

§  Operates	  in	  secondary	  vacuum.	  
–  300	  μm	  aluminium	  foils	  separates	  

detector	  from	  beam	  vacuum.	  
§  21	  R-‐Φ	  modules	  per	  half.	  

–  Silicon	  microstrip	  sensors. 	  	  
–  Pitch:	  38	  –	  101	  μm.	  

§  Best	  resolu9on:	  4	  μm!	  
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VELO II 
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10
3  
cm

LHCb  acceptance

55  cm

§  Hybrid	  pixel	  detector.	  
–  Easier	  pa}ern	  recogni9on.	  
–  Thinner	  sensors	  (300	  μm	  à	  200	  μm).	  

§  Move	  closer	  to	  beam	  	  
–  First	  measurement:	  8.13	  mm	  à	  5.1	  mm.	  

§  New	  RF	  foil.	  
–  Reduce	  material	  before	  first	  measurement.	  

§  New	  ASIC	  (VeloPix)	  
–  Based	  on	  Medipix/TimePix.	  
–  256x256	  (55	  μm	  x	  55	  μm)	  
–  12	  per	  module.	  

§  Non-‐uniform	  irradia9on.	  
–  Extremely	  high	  data	  rates.	  
–  Micro-‐channel	  cooling	  in	  substrate.	  



Expected performance 
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•  Current	  VELO	  
•  Upgraded	  VELO	  



TRACKER 

Upstream	  tracker	  
Scin9lla9ng	  Fibre	  Tracker	  

TDR
UPGRADE

CERN/LHCC 2014-001

LHCb TDR 15

21 February 2014

LHCbTracker 

Technical Design Report

Upstream Tracker

SciFi Tracker
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Current Tracker 

Silicon	  Tracker:	  
o 	  Silicon	  micro-‐strip	  detectors	  covering	  areas	  
closest	  to	  the	  beam	  pipe.	  
o 	  Pitch:	  183	  μm	  (TT),	  198	  μm	  (IT).	  
o 	  Thickness:	  500	  μm	  (TT),	  320/410	  μm	  (IT)	  
o 	  Strips	  up	  to	  37	  cm	  long.	  
o 	  Resolu9on	  ≈	  50	  μm.	  

Tracker	  Turicensis	   Inner	  Tracker	  

24	  

Outer	  Tracker:	  
o 	  Gaseous	  straw	  tube	  detector.	  
o 	  12	  detec9on	  layers	  (~	  4	  x	  6	  m2).	  
o 	  53760	  straw	  tubes	  (2.4	  m	  long,	  4.9	  mm	  
diameter).	  
o 	  Gas	  mixture:	  Ar/CO2/O2	  (70%/28.5%/1.5%).	  
o 	  Nominal	  opera9ng	  voltage	  is	  1550	  V.	  	  	  
o 	  Resolu9on	  ≈	  200	  μm.	  

FPCP	  2014,	  Marseille,	  France	  



Upstream Tracker (UT) 

66.8 mm 

13
38

 m
m

 

1528 mm 

1719 mm 
UTbX 

UTaU 

UTbV 

UTaX 

Y 

X 
Z 
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Module Support

Sensor

ASICs
Hybrid Flex

Hybrid

Data/Power
cable

UT Stave

§  Replace	  TT	  with	  new	  silicon	  strip	  detector.	  
–  Four	  layers	  (x,	  u,	  v,	  x)	  as	  now.	  

§  Finer	  segmenta9on	  around	  beam-‐pipe.	  
–  Increased	  occupancy.	  

§  Reduce	  material.	  
–  Thinner	  sensors.	   	  	  
–  500	  μm	  à	  300	  μm.	  

§  Move	  sensors	  closer	  to	  beam.	  
–  Op9mise	  shape	  of	  inner	  sensors.	  
–  Increase	  acceptance	  at	  large	  η.	  

§  New	  read-‐out	  chip	  (SALT).	  



§  Require	  hits	  on	  UT	  when	  matching	  VELO	  to	  downstream	  tracker.	  
§  Use	  stray	  field	  to	  determine	  momentum.	  
§  Reduce	  9me	  taken	  for	  track	  reconstruc9on	  by	  factor	  3.	  	  
§  Allows	  UT	  to	  be	  used	  in	  trigger.	  
§  Ghost	  rate	  reduced	  by	  requiring	  hits	  on	  UT.	  

Upstream Tracker Performance 
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LHCb	  Simula9on	  



SciFi Tracker 
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Material	  in	  first	  tracking	  sta9on	  §  Replace	  IT+OT	  with	  single	  technology.	  
–  Occupancy	  too	  high	  in	  OT.	  
–  Electronics	  embedded	  in	  IT	  modules.	  

§  Scin9lla9ng	  fibres	  read	  out	  with	  SiPMs.	  
–  2.5	  m	  long,	  250	  μm	  diameter.	  
–  Keep	  12	  layers	  (x,	  u,	  v,	  x)	  x	  3	  

§  SiPMs	  outside	  acceptance.	  
–  Radia9on	  damage	  from	  neutrons.	  	  
–  Require	  cooling	  to	  -‐40°C.	  

§  New	  ASIC	  for	  read-‐out	  (PACIFIC).	  
§  Radia9on	  hardness	  of	  fibres.	  

–  Measured	  to	  be	  ok.	  

Current	  tracker	  
SciFi	  Tracker	  



SciFi Tracker 
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Tracker performance 
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PARTICLE IDENTIFICATION 

Calorimeters	  
Ring	  Imaging	  Cherenkov	  (RICH)	  system	  
Muon	  detectors	  
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RICH 
Current	  detectors:	  
§  RICH	  1:	  

–  Aerogel	  (low	  momenta)	  
–  C4F10	  (10	  –	  65	  GeV/c).	  

§  RICH	  2	  
–  CF4	  (15	  –	  100	  GeV/c).	  

§  Hybrid	  Photon	  Detectors.	  
–  Embedded	  1	  MHz	  Front-‐end.	  

Upgrade:	  
§  RICH	  1	  

–  Remove	  aerogel.	  
•  Track	  density	  too	  high.	  
•  Remove	  already	  for	  LHC	  Run	  2.	  

–  Modify	  op9cs	  to	  increase	  ring	  size.	  
–  Replace	  HPDs	  with	  MaPMTs.	  

§  RICH	  2:	  
–  Replace	  HPDs	  with	  MaPMTs.	  

30th	  May	  2014	   FPCP	  2014,	  Marseille,	  France	  

Eur.	  Phys.	  J.	  C(2013)	  73:2431	  	  



RICH PID Performance 
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v  Lumi4:	  	  	  L	  =	  4*1032	  cm-‐2s-‐1	  
v  Lumi10:	  L	  =	  10*1032	  cm-‐2s-‐1	  

v  Lumi20:	  L	  =	  20*1032	  cm-‐2s-‐1	  	  



Calorimeters 
§  Remove PS/SPD. 

– Occupancy	  too	  high	  
– Level-‐0	  removed.	  

§  Reduce PMT gain to reduce effects of ageing. 
– Compensate	  by	  increasing	  gain	  in	  electronics.	  

§  Exchange inner modules of ECAL 
– OK	  up	  to	  20	  w-‐1.	  
– Can	  be	  replaced	  during	  LS3.	  

§  Redesign front-end / back-end electronics. 
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Muon system 
§  Remove M1. 

– Occupancy	  too	  high.	  
§  Install additional shielding in front of M2. 
§  Replace off-detector electronics. 

– More	  efficient	  read-‐out	  at	  40	  MHz.	  
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SCHEDULE 
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Schedule / timeline 
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§  Collect	  50	  w-‐1	  aper	  upgrade.	  
§  Con9nue	  taking	  data	  during	  HL-‐LHC.	  



Conclusions I 
Current detector: 
§  Excellent performance during LHC Run 1. 
§  Operated well above design parameters. 
§  Over 180 physics papers. 
§  Waiting for LHC Run 2. 
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Conclusions II 
Upgraded detector: 
§  Remove Level-0 hardware trigger. 

–  Read	  out	  full	  detector	  at	  40	  MHz.	  
§  Trigger-less read-out system. 

–  Full	  sopware	  trigger	  for	  every	  bunch	  crossing.	  
§  Instantaneous luminosities up to 2*1033 cm-2s-1. 

–  Redesign	  detector	  to	  cope	  with	  higher	  occupancies.	  
§  Collect 50 fb-1 after upgrade. 

–  Significantly	  improve	  sta9s9cal	  precision.	  
§  Technical Design Reports submitted to LHCC. 
§  Installation in 2018/2019.  
§  Ready for data taking in 2020! 
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Stay	  tuned	  /	  join	  us!	  



Police Neuropol Regular
OCEVU

LOGO FINAL

Merci	  à	  tous!	  
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EXTRAS 
More,	  more,	  more!	  
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Reconstruction sequence 
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have no momentum information. Once a track has been extended to the UT the momentum916

can be measured with a resolution of 15%. Tracks with measurements both in the UT and917

SciFi have a momentum resolution of ⇡ 0.5%.918

In the present o✏ine reconstruction, every algorithm is executed and the results are919

combined. While there is a large overlap between the tracks found, the combination of all920

algorithms outperforms any single track reconstruction sequence. The trigger system shares921

the track reconstruction algorithms with the o✏ine, but the present constraints of the922

trigger system mandate a dedicated sequencing and configuration of these same algorithms.923

The priority is to reconstruct the most valuable tracks first, with more specialised track924

reconstruction algorithms only being used later in the decision making process. Figure 4.5925

shows a diagram of the track reconstruction sequence used in the trigger, as well as the926

main o✏ine reconstruction sequence. Track reconstruction in the trigger begins with

O✏ine

VELO tracking

VELO-UT

Forward reco
pT> 70 MeV�F

PV finding

Full Kalman Fit

RICH PID

Upgrade HLT

VELO tracking

VELO-UT
pT> 200 MeV�F

Forward reco
pT> 500 MeV�F

PV finding

Trigger cuts to
reduce rate to 1MHz

Muon ID

Simplified Kalman Fit

Online RICH PID

Figure 4.5: Track reconstruction sequences used (left) in the o✏ine and (right) in the trigger
reconstruction. The o✏ine reconstruction considers all VELO tracks for extension in the SciFi,
whereas in the trigger information from the UT sub-detector is used to determine the charge and
remove low pT tracks before the Forward tracking. The use of the UT significantly reduces the
execution time of the Forward tracking.

927

execution of the full VELO tracking. Information from the UT sub-detector is then used928

to extend every VELO track which is consistent with a transverse momentum of at least929

0.2GeV/c. For the subset of tracks which were successfully extended, the charge and930

momentum is estimated. These tracks are then extended further by searching for hits931

41



Track types 
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Read-out architecture 
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Detector	  front-‐end	  electronics	  
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Read-out scheme 
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§  Trigger-‐less	  read-‐out.	  
§  Zero	  suppression	  in	  front-‐ends.	  
§  Hardware	  LLT	  kept	  as	  back-‐up.	  
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§  Two	  retractable	  halves.	  
–  5	  mm	  from	  beam	  when	  closed,	  30	  mm	  during	  injec9on.	  

§  21	  R-‐ϕ modules	  per	  half.	  
§  Operates	  in	  secondary	  vacuum.	  
§  300	  μm	  aluminium	  foils	  separates	  detector	  from	  beam	  vacuum.	  
§  Cooling	  using	  bi-‐phase	  C02	  system.	  

–  Operates	  @	  -‐30°C,	  Sensors	  @	  -‐10°C.	  

VErtex LOcator (VELO) 
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VELO Resolution 
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§  Depends	  on	  pitch	  and	  projected	  track	  angle	  
–  Angle	  between	  track	  and	  strip	  in	  plane	  perpendicular	  to	  the	  
track.	  

§  Measure	  unbiased	  residuals	  of	  cluster	  to	  track.	  
§  Best	  resolu9on	  achieved	  is	  4	  μm.	  



VELO II 
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VELO II Performance 
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Primary Vertex Resolution 
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Tracker Turicensis (TT) 

§  Silicon	  micro-‐strip	  detectors.	  
–  p+-‐on-‐n	  from	  Hamamatsu	  Photonics	  K.K.	  	  

§  Four	  planes	  (0°,	  +5°,	  -‐5°,	  0°).	  
§  Pitch:	  183	  μm;	  Thickness:	  500	  μm.	  
§  Long	  readout	  strips	  (up	  to	  37	  cm).	  
§  143360	  readout	  channels.	  
§  Total	  Silicon	  area	  is	  8	  m2.	  

–  Covers	  full	  acceptance	  before	  magnet.	  

§  Detectors	  operate	  at	  0°C.	  
–  Sensors	  @	  8°C.	  	  

!"#$%&

!!"

!!#

'
(

)

*"
+
,-
$%
&

*./,+$%&

*"
+
,-
$%
&

*"0,1$%&

/
,-
$%
&

/,/-$%&

30th	  May	  2014	   FPCP	  2014,	  Marseille,	  France	  

1.3	  m	  
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Upstream tracker 
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F.E.M. THERMAL ANALYSIS 
REFERENCE COOLING PIPE T = 0  

SENSOR  ∆T 

ASIC  ∆T 

ASIC  ∆T 

ASIC  ∆T 

SENSOR  ∆T 

CARBON FOAM 

CO2 COOLING PIPE 



§  Silicon	  micro-‐strip	  detectors.	  
–  p+-‐on-‐n	  from	  Hamamatsu	  Photonics	  

K.K.	  
§  Three	  sta9ons	  in	  z.	  

–  Four	  boxes	  in	  each	  sta9on.	  
–  Four	  planes	  (0°,	  +5°,	  -‐5°,	  0°)	  

§  Pitch:	  198	  μm	  	  
§  Thickness:	  320	  or	  410μm	  
§  129024	  readout	  channels.	  
§  Total	  Silicon	  area	  is	  4.2	  m2.	  

–  Covers	  region	  around	  beam	  with	  
highest	  flux.	  

§  Detectors	  operate	  at	  0°C.	  
–  Sensors	  @	  8°C.	  

Inner Tracker (IT) 
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Outer Tracker 
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§  Gaseous	  straw	  tube	  detector.	  
§  12	  detec9on	  layers	  covering	  area	  ~	  4	  x	  6	  m2.	  
§  53760	  straw	  tubes	  (2.4	  m	  long,	  4.9	  mm	  diameter).	  
§  Gas	  mixture:	  Ar/CO2/O2	  (70%/28.5%/1.5%).	  
§  Nominal	  opera9ng	  voltage	  is	  1550	  V.	  	  	  



Tracking performance 
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§  Biggest	  difference	  for	  low	  momentum	  tracks.	  
§  Ghost	  rate	  can	  be	  reduced	  by	  adding	  UT	  hits.	  



Nu, mu, pile-up 
§  ν (nu) : average number of pp interactions per 

bunch crossing. 
§  µ (mu): average number of visible pp 

interactions per bunch crossing.  
§  pile-up: average number of pp interactions in 

visible bunch crossings. 
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Upgrade conditions in 2012! 
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L	  =	  1*1033	  cm-‐2s-‐1	  


