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Overview 
§  Introduc>on	  to	  LHCb.	  
§  Upgrade	  of	  LHCb:	  

– Mo>va>on.	  
–  Scin>lla>ng	  Fibre	  Tracker.	  
–  Schedule.	  

§  Conclusions.	  

§  More	  informa>on	  in:	  
–  CERN-‐LHCC-‐2014-‐001	  
–  LHCb	  TDR	  15	  
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LHCb 
§  Dedicated heavy flavour experiment at LHC. 

– Measure	  CP-‐viola>on	  in	  b-‐	  and	  c-‐	  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.	  
–  Single-‐arm	  forward	  spectrometer.	  

§  Over 190 physics papers published. 
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§  No evidence for New Physics in LHC Run 1. 
–  Look	  for	  devia>ons	  from	  Standard	  Model.	  
– Most	  measurements	  s>ll	  limited	  by	  sta>s>cs.	  

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

§  Increase luminosity: 
– Already	  ran	  well	  above	  design.	  
–  Trigger	  yield	  saturates.	  
– No	  real	  gain	  in	  sta>s>cs.	  

§  Higher occupancy. 
– Degraded	  detector	  performance.	  
–  Radia>on	  damage	  of	  detectors.	  

Why upgrade? 

1st	  July	  2014	   SPS	  Annual	  Mee>ng	  2014,	  Fribourg	   4	  



LHCb Upgrade 
§  Remove Level-0 hardware trigger. 

–  Read	  out	  every	  bunch	  crossing	  (40	  MHz).	  
–  Full	  so`ware	  trigger	  for	  every	  25	  ns	  bunch	  crossing.	  
–  Replace	  all	  front-‐end	  electronics.	  

•  Replace	  also	  detectors	  with	  embedded	  read-‐out.	  

§  Run at higher instantaneous luminosities. 
–  Instantaneous	  luminosity	  =	  2	  ×	  1033	  cm-‐2s-‐1.	  
–  #	  visible	  interac>ons	  /	  crossing	  =	  5.2	  
– Higher	  occupancy.	  

•  Redesign	  several	  sub-‐detectors.	  
§  Install during LHC Long Shutdown 2. 
§  Collect integrated luminosity = 50 fb-1. 
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Upgraded LHCb detector 
Muon	  system	  	  

Calorimetry	  Tracking	  System:	  
NEW	  DETECTORS!	  

Ring	  Imaging	  Cherenkov	  detectors:	  
Remove	  aerogel	  from	  RICH1+modify	  op>cal	  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!	  



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 	  Resolu>on	  ≈	  50	  μm.	  

Tracker	  Turicensis	   Inner	  Tracker	  
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Outer	  Tracker:	  
o 	  Gaseous	  straw	  tube	  detector.	  
o 	  12	  detec>on	  layers	  (~	  6	  x	  5	  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	  opera>ng	  voltage	  is	  1550	  V.	  	  	  
o 	  Resolu>on	  ≈	  200	  μm.	  
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Scintillating Fibre Tracker 
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Design:	  
o  Replace	  IT+OT	  with	  single	  technology.	  

•  Occupancy	  too	  high	  in	  OT.	  
•  Embedded	  1	  MHz	  read-‐out.	  

o  Scin>lla>ng	  fibres.	  	  
•  2.5	  m	  long,	  250	  μm	  diameter.	  
•  Mirrored	  at	  one	  end.	  
•  (x,	  u,	  v,	  x)	  ×	  3	  sta>ons.	  
•  5	  or	  6	  layers	  of	  fibres	  in	  module..	  

o  Read	  out	  by	  Silicon	  Photomul>pliers.	  
•  Inside	  light-‐>ght	  read-‐out	  box.	  	  
•  Cooled	  to	  –40°C.	  

o  New	  ASIC	  for	  read-‐out	  (PACIFIC).	  
•  Three	  hardware	  thresholds	  (2-‐bit).	  

Challenges:	  
§  Mechanical	  design.	  
§  Radia>on	  hardness	  of	  fibres	  &	  SiPMs.	  
§  Light	  yield.	  
§  Timescale.	  
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Material in first tracking station 
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<X/X0>=4.0%	  



Material in first tracking station 
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<X/X0>=2.6%	  



Radiation environment 
NIEL	  (neutrons):	  
§  SiPMs	  at	  ±250	  cm	  

–  9.5	  ×	  1011	  neq	  /	  cm2	  (T1).	  
–  13	  ×	  1011	  neq	  /	  cm2	  (T3).	  

§  Shielding	  of	  SiPMs.	  
–  6	  ×	  1011	  neq	  /	  cm2.	  

Ionising	  dose:	  
§  35	  –	  25	  kGy	  (fibres).	  
§  40	  –	  80	  Gy	  (SiPMs).	  
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Scintillating fibres 
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§  Polystyrene	  core	  with	  two	  wavelength	  shi`ing	  dyes.	  
§  Around	  300	  photon	  /	  MIP.	  
§  Only	  a	  few	  photons	  a`er	  2.5	  m.	  

Baseline	  fibre:	  Kuraray	  SCSF-‐78MJ	  
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Spool	  with	  	  
12.5	  km	  of	  fibre	  

Threaded	  winding	  
wheel	  

Tension	  	  
control	  

§  Fibre	  diameter	  measured	  before	  winding.	  	  
§  Glue	  injected	  a`er	  winding.	  
§  Mat	  is	  cut	  to	  correct	  dimensions.	  
§  Require	  8	  km	  to	  produce	  mat	  with	  6	  layers.	  
§  Around	  10,000	  km	  needed	  for	  full	  detector.	  

Fibre mat production 



10,000 km (ish) 
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Silicon Photomultipliers 
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§  Avalanche	  photo-‐diode	  
operated	  in	  Geiger	  mode.	  

§  ~	  100	  pixels	  connected	  in	  
parallel	  /channel.	  

§  128	  channels	  /	  array.	  
§  Channel	  width:	  250	  μm.	  
§  147m	  instrumented:	  

•  590k	  channels.	  
•  4608	  SiPMs.	  

§  Connected	  to	  read-‐out	  
electronics	  via	  flex	  PCB.	  

Pictures	  from	  Hamamatsu	  

Co-‐development	  with:	  
•  Hamamatsu	  (Japan).	  
•  KETEK	  (Germany).	  



1st	  July	  2014	   16	  

Fibres:	  
§  Emission	  spectra.	  
§  Measured	  at	  different	  
distances	  from	  detector.	  

SiPMs:	  
§  PDE	  =	  QE	  ×	  GF	  

–  PDE:	  Photon	  detec>on	  efficiency.	  
–  QE:	  Quantum	  Efficiency.	  
–  GF:	  Geometrical	  factor.	  

§  Single	  channel.	  
§  50	  μm	  pixels.	  

o  Hamamatsu	  
	  

*  KETEK	  

Signal 



Light yield 
§  Pixels	  fired	  (pixels	  fired).	  
•  Photon	  exit	  point.	  
§  Channel	  pitch	  <	  fibre	  pitch.	  
SiPMs:	  	  
§  Dark	  noise	  increases	  with	  

neutron	  radia>on.	  
§  Cooling	  and	  annealing.	  
Fibres:	  
§  Darken	  a`er	  irradia>on.	  
§  Six	  layers	  of	  fibres.	  
Expected	  signal:	  
§  ~	  12	  –	  16	  photo-‐electrons	  a`er	  

irradia>on.	  
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See	  talk	  of	  Zhirui	  Xu	  for	  more	  
(actual)	  details.	  



Electronics 
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§  Trigger-‐less	  read-‐out.	  
–  Zero-‐suppression	  in	  front-‐ends.	  

§  Development	  of	  custom	  ASIC.	  
–  Called	  PACIFIC	  (128	  channels).	  
–  Three	  hardware	  thresholds	  =	  2-‐bit.	  

§  Use	  FPGA	  for	  clustering.	  
–  Sum	  threshold.	  



Schedule / timeline 
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§  Installa>on	  during	  LS2.	  
§  Collect	  50	  ~-‐1	  a`er	  upgrade.	  

R	  &	  D	   ProducUon	   InstallaUon	   (More)	  New	  Physics?	  



Conclusions 
§  Remove Level-0 hardware trigger. 

–  Trigger-‐less	  read-‐out	  system. 	  	  
–  Full	  so`ware	  trigger	  for	  every	  bunch	  crossing.	  

§  Instantaneous luminosities up to 2 × 1033 cm-2s-1. 
–  Redesign	  detector	  to	  cope	  with	  higher	  occupancies.	  
–  Collect	  integrated	  luminosity	  =	  50	  ~-‐1.	  

§  New tracking system with scintillating fibres. 
–  Long	  fibres	  read	  out	  with	  SiPMs.	  
–  TDR	  approved	  by	  CERN	  Research	  Board.	  
–  Installa>on	  in	  2018/2019.	  	  
–  Ready	  for	  data	  taking	  in	  2020!	  
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Merci	  à	  tous!	  
Merci	  vielmal!	  
Grazie	  mille!	  
Grazia	  fitg!*	  

21	  1st	  July	  2014	  
*	  Thanks	  to	  Arno	  Gadola	  for	  poin>ng	  out	  “Grazcha	  fich”	  was	  wrong!	  engraziel	  fetg!	  



BACK UP 
More?	  
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Fibre diameter 
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§  Measure	  diameter	  every	  3	  mm	  with	  laser	  
micrometer.	  

§  Once	  per	  km,	  diameter	  goes	  above	  limit	  (300	  μm).	  
§  Manually	  remove	  during	  winding	  process.	  



 Light yield 
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§  3	  m	  long	  SCSF-‐78	  fibres	  irradiated	  at	  CERN	  PS	  (24	  GeV	  protons).	  

Λ	  =	  439	  cm	   Λ	  =	  439,	  126,	  52	  cm	  



Radiation damage 
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Dark noise 
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Dark current 
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Physics reach! 
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Eur.	  Phys.	  J.	  C(2013)	  73:2373	  	  



Design:	  
§  √s	  =	  14	  TeV	  
§  2622	  bunches,	  25	  ns	  spacing.	  
§  L	  =	  2*1032	  cm-‐2s-‐1.	  
§  Average	  number	  of	  visible	  pp	  

interac>ons	  /	  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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Hardw
are	  Trigger	  @

	  ≈	  1	  M
Hz	  

So`w
are	  Trigger	  @

	  ≈	  5	  kHz	  



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	  So`ware	  Trigger.	  
§  Inelas>c	  collision	  rate	  is	  30	  MHz.	  

§  Low	  level	  trigger	  as	  thro�le.	  
§  Par>al	  informa>on	  from	  muon	  system	  

and	  calorimeters.	  

§  Full	  event	  reconstruc>on.	  	  
§  Run-‐by-‐run	  detector	  calibra>on.	  

§  2	  	  	  	  10	  GBytes/s	  to	  storage.	  

§  Perform	  simplified	  Kalman	  track	  fit.	  
§  Add	  RICH	  informa>on.	  
§  Inclusive	  and	  exclusive	  selec>ons.	  



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	  

Eventbuilder	  network	  

Eventbuilder	  PCs	  +	  so`ware	  	  LLT	  

Even�ilter	  Farm	  
~	  80	  subfarms	  

U
X8

5B
	  

Po
in
t	  8

	  su
rf
ac
e	  

subfarm	  
switch	  

TFC	  500	  

6	  x	  100	  Gbit/s	  

subfarm	  
switch	  

Online	  
storage	  

Clock	  &
	  fast	  com

m
ands	  

8800	  
Versa>le	  Link	  	  

thro�le	  from	  
PCIe40	  

Clock	  &	  fast	  
commands	  

6	  x	  100	  Gbit/s	  

§  Trigger-‐less	  read-‐out.	  
§  Zero	  suppression	  in	  front-‐ends.	  
§  Hardware	  LLT	  kept	  as	  back-‐up.	  


