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 Precision measurements likely to have the largest discovery potential for new physics 
• Higgs and top precision physics  
• Flavour precision physics  
• Complemented by direct searches at high scales AND low scales  

 

 LHCb focus on measuring indirect effects of New Physics in CP violation and rare decays  
• Searching deviations from the SM 
• Virtual effects allow probing energies much higher than Ecms of the LHC 
 

  b and c sector contains large repertoire of decays and topologies 
• New Physics may enter differently in boxes and in penguin contributions 
 Aim for access to “all” modes 

 
 Upgrade aim: reach experimental sensitivities ≤  theoretical uncertainties 

• Not expected to be limited by systematics  often improves with increasing statistics 
• 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 often decrease with complementary measurements 

 
 10-fold our statistics and improve access to hadronic modes 

1. Increase luminosity 
2. Increase efficiency of hadronic channels by factor >2 
3. Improve output bandwidth and lower pT 
 Gives access to new modes and observables 
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𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑠𝑠𝑠𝑠𝑠𝑠+𝑡𝑡𝑡 < 𝛿𝛿𝛿𝛿[
𝜖𝜖𝑁𝑁𝑁𝑁

Λ𝑁𝑁𝑁𝑁2
] 

𝜖𝜖𝑁𝑁𝑁𝑁 = 1      

𝑴𝑴𝑴𝑴𝑴𝑴(𝝐𝝐𝑵𝑵𝑵𝑵~𝝐𝝐𝑺𝑺𝑺𝑺) 
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 Large signal cross-sections 
• >100 kHz   1 MHz of bb� pairs at LHCb interaction point 
• Access to all b-flavored hadrons Bu (~40%), Bd (~40%), Bs (~10%), and Bc, and B-baryons Λb (~10%) , … 
      (arXiv:1111.2357v2, arXiv:1301.5286) 
• cc � production 20x more 

 
 

 The final state 𝑏𝑏𝑏𝑏� / 𝑐𝑐𝑐𝑐̅ pair are Lorentz boosted 
 The B / D hadrons appear in the same hemisphere 
 Very good proper time resolution 

 
 

 Flavor tagging 
• Same side, uses π or K emitted together with signal B / D hadron 
• Opposite side, detects flavor of partner B / D hadron from decay 
 
 
 
 
 
 
 
 
 
 

 Operating at a controllable levelled luminosity 
• Control detector performance and systematics  

 
 
 

 
 
 
 
 
 
 
 
 

 
 

 

3 

R
. Jacobsson, Proc. IEEE N

PSS-M
IC

 2012 



Large Hadron Collider Physics, St Petersburg, Russia, 31 Aug – 5 Sep, 2015 R. Jacobsson 

 Current limitation: FE readout time = 900ns   Max 1.1 MHz ensured by L0 trigger 
• At high pileup pT does not discriminate in hadronic modes  
 Yield of hadronic modes saturates 

 

• Efficient selection requires full detector 
 IP, pT of tracks, and PID  

 

Upgrade baseline:    Target L= 2x1033 cm-2s-1 
 

  Trigger challenge 
• 2% of bunch crossings with b-hadron decay in VELO 
• 25% of bunch crossings with c-hadron decay in VELO 
• 2 light long-lived hadrons decay in VELO every bunch crossing 
Background suppression  signal classification 

 
1. Remove First Level Trigger  
2. Replace all FE/BE for 40 MHz full readout to CPU farm 
3. Implement a fast HLT based on full topology 
4. Final output bandwidth at >20 kHz 
5. Replace main tracking and improvements to PID 

 

 Ultimate trigger flexibility to adjust to physics scene! 
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30 MHz of visible crossings  

40 MHz 

µ/µµ 
pT>1.5GeV 

400 kHz 

Hadron 
ET>3.5GeV 

450 kHz 

 e, γ 
ET>2.5GeV 

150 kHz 

Full stream 
5 kHz 

(Offline proc.) 

Parked stream 
5 kHz 

(LS2 proc.) 

Turbo stream 
2.5 kHz 

(Analysis) 

Fu
ll 

LH
C

b 

St
or

ag
e 

1 MHz 

12.5 kHz 

Full offline-like event selection with 
online calibrations and alignment 

Partial event reconstruction 
displaced tracks/vertices and di-muons 

Intermediate processing for 
calibration and alignment  
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40 MHz 

 
Full reconstruction 

 
 

Track fit 
RICH particle ID 

Inclusive and exclusive selections 
 

Full LHCb 
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 15 – 30 MHz 

20 - 100 kHz 

Bandwidth sharing 
t.b.d. 

Optional interaction trigger (LLT) 

 1-2 MHz 

Turbo stream 
= 

Real-time analysis 

 
 

 
Current trigger scheme Upgraded trigger scheme 

Decay Run 1 
L0xHLT 

Upgrade 
@25kHz 

B0K*[Kπ]µµ 89% 94% 

Bsφ[KK]φ[KK] 20% 79% 

B0D-[Kππ]µν 63% 81% 

Λbpµν 54% 59% 

B+πKK 36% 86% 

BsJ/ψ[µµ]φ[KK] 91% 93% 

B0D+[Kππ]D-[Kππ] 18% 56% 

CERN/LHCC 2014-16 
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VELO Pixel 
RF foil at 3.5mm  
(now  5.5 mm) 
 

Silicon Trackers Si Strips 

Removal of M1, SPD and PreShower 

Muon MWPC 
(almost compatible, 
possibly GEM in central M2) 

RICH HPDs 
(replace HPDs + R/O) 

Scintillating Fibre Tracker 
Calo PMTs 
(Reduce PMTs gain+ replace R/O) 

Main detector replacement concern the tracking system 
 Fast tracking and vertexing will be crucial! 
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Current VELO:  
Rφ silicon micro-strip with pitch 83-101 µm at 8mm from beam  
with 300µm RF foil 

 

Upgrade:  
 Higher granularity and improved resolution 

  55×55 μm2 silicon pixel, 200 µm thickness 
  Reduced sensor distance to beam (5.1mm) 
 New RF foil ~150 µm  
 VeloPix readout chip with 130 nm technology  
    to withstand ~400 MRad 

 

 Cooling challenge 
• Close to beam: ∼ 8 × 1015 neqcm−2 for 50 fb-1 

• Cool to -20oC to prevent thermal runaway 
 Micro-channel CO2 cooling 

7 
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 Redone with Si strip technology: four layers of Si micro-strips 
• Less material with thinner sensors (500 µm  250 µm) 
• Better coverage by overlapping sensors 
• Readout strip geometry adapted to particle flux 
• Closer to beam pipe improve small-angle acceptance 
Fast VELO-UT momentum measurement 
Reduce fake VELO-IT/OT tracks 

 

• Bi-phase CO2 cooling in stave support 
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 Replacing completely straw tube and inner Si strips: Scintillating Fibres (SciFi) 
• 6 layers of 2.5 m long scintillating fibres with 250 μm diameter 
• Need to ensure fibres straight to ~50 µm and flat to ~200 µm over 2.5m 
• Silicon Photo-Multiplier (SiPM) readout 
• Neutron damage to SiPM: cooled to –40oC  

 
 Expected performance: 50 – 75 μm spatial resolution 
 Fast track reconstruction in trigger 
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VELO performance 
 
 
 
 
 
 
 
 

 
Forward patter recognition performance 
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Current VELO 
Upgraded VELO Current VELO 

Upgraded VELO 
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 Partial upgrade of both RICH1 and RICH2: 

• Replace HPDs for 64-channel MAPMT 
• Re-optimize RICH1 mirror optics 
• Spread out rings within current gas enclosure to compensate for higher occupancy 

11 

Current RICH1 Upgrade RICH1 

L = 2x1033 cm-2s-1 

Upgraded K/π performance 
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All Technical Design Reports done 

12 

  LHC Era HL-LHC Era 

  Run  
  (Years) 

Run 1  
(2010 – 2012) 

Run 2  
(2015 - 2018) 

Run 3  
(2021 - 2023) 

Run 4  
(~2027 - 2029) 

Run 5  
(~2031 -) 

  Integrated 
  luminosity 3 fb-1  8 fb-1  ~25 fb-1  ~50 fb-1  ~100 fb-1  

  Current LHCb Upgraded LHCb 
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 CP violating weak phase from the interference between mixing and decay of 𝐵𝐵𝑠𝑠 
 

  
 
 
 

 
1. Final state with charm: Tree-level decay  𝜙𝜙𝑠𝑠𝑐𝑐𝑐𝑐𝑠̅𝑠 

• Sensitive to NP in mixing: 𝐵𝐵𝑠𝑠 → 𝐽𝐽 𝜓𝜓⁄ 𝜙𝜙  (𝐵𝐵𝑠𝑠 → 𝐽𝐽 𝜓𝜓⁄ 𝑓𝑓0, 𝐵𝐵𝑠𝑠 → 𝐷𝐷𝑠𝑠𝐷𝐷𝑠𝑠) 
 

2. Final state with strange: Gluonic penguin  𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠̅𝑠𝑠 = 0 in SM due to cancellation 
• SM null test sensitive to NP in mixing and decay: 𝐵𝐵𝑠𝑠 → 𝜙𝜙𝜙𝜙 (𝐵𝐵𝑑𝑑 → 𝜙𝜙𝐾𝐾𝑠𝑠, 𝐵𝐵𝑑𝑑 → 𝜂𝜂′𝐾𝐾𝑠𝑠) 
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𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 

𝐵𝐵𝑠𝑠 

𝐵𝐵𝑠𝑠 

−𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝑓𝑓 𝐵𝐵�𝑠𝑠  
 

𝐵𝐵𝑠𝑠  
 

𝑠̅𝑠 
 

𝑏𝑏� 
 

𝑢𝑢�, 𝑐𝑐̅ , 𝑡𝑡̅ 
 

𝑢𝑢, 𝑐𝑐 , 𝑡𝑡 
 

𝑏𝑏 
 

𝑠𝑠 
 

𝑊𝑊−
 

 

𝑊𝑊+
 

 
𝑁𝑁𝑁𝑁 
 

𝜙𝜙𝑠𝑠 =  𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚  −  2𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑 

𝐵𝐵𝑠𝑠 → 𝐽𝐽 𝜓𝜓⁄ 𝐾𝐾𝐾𝐾  
𝐵𝐵𝑠𝑠 → 𝐽𝐽 𝜓𝜓⁄ 𝜋𝜋𝜋𝜋   
𝐵𝐵𝑠𝑠 → 𝐷𝐷𝑠𝑠𝐷𝐷𝑠𝑠  

LHCb Upgrade 
σ(𝜙𝜙𝑠𝑠)~0.01 

Expected future sensitivity on  𝜙𝜙𝑠𝑠 with 50 fb-1 

Benefit from better 
decay time resolution  
and increased decay 
time acceptance of the 
upgraded VELO 

σLHCb ~ 0.01  
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 Electroweak penguin/box diagram sensitive to NP  Helicity structure 
• 𝐵𝐵𝑑𝑑 → 𝐾𝐾∗𝜇𝜇+𝜇𝜇−,  𝐵𝐵𝑠𝑠 → 𝜙𝜙𝜇𝜇+𝜇𝜇− 
• 4-body angular analysis as a function of 𝑞𝑞2 = 𝑀𝑀2(𝑙𝑙𝑙𝑙) 

E.g. 𝐴𝐴𝐹𝐹𝐹𝐹 𝑞𝑞2 =  
Γ(cos 𝜃𝜃𝐵𝐵𝑙𝑙+>0)−Γ(cos 𝜃𝜃𝐵𝐵𝑙𝑙+<0)
Γ(cos 𝜃𝜃𝐵𝐵𝑙𝑙+>0)+Γ(cos 𝜃𝜃𝐵𝐵𝑙𝑙+<0)

 , 𝐴𝐴𝐹𝐹𝐹𝐹 𝑞𝑞2 = 0 

 
      E.g. 𝐴𝐴𝑇𝑇

2 (𝑞𝑞2) =  𝐴𝐴⊥(𝑞𝑞2) 2− 𝐴𝐴∥(𝑞𝑞2) 2

𝐴𝐴⊥(𝑞𝑞2) 2+ 𝐴𝐴∥(𝑞𝑞2)
2 

 

 
 Currently 𝑏𝑏 → 𝑠𝑠𝑙𝑙+𝑙𝑙− only measurements with some interesting tensions 

• Lepton universality 𝑅𝑅𝐾𝐾 = 𝐵𝐵𝐵𝐵(𝐵𝐵+→𝐾𝐾+𝜇𝜇+𝜇𝜇−)
𝐵𝐵𝐵𝐵(𝐵𝐵+→𝐾𝐾+𝑒𝑒+𝑒𝑒−)

 together with 𝑃𝑃5′ in the differential decay rate in 𝐵𝐵𝑑𝑑 → 𝐾𝐾∗𝜇𝜇+𝜇𝜇− 
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PRL 113 (2014) 151601 LHCb-CONF-2015-002 

3.7σ  

𝑅𝑅𝐾𝐾 = 0.745−0.074
+0.090(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ± 0.036(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

2.6σ  

Expected future sensitivity on  𝑞𝑞02 with 50 fb-1  

𝐵𝐵𝑑𝑑,𝑢𝑢
0,+ → 𝐾𝐾∗(0,+)𝑙𝑙+𝑙𝑙−, 𝑙𝑙 = 𝑒𝑒, 𝜇𝜇 

σLHCb ~ 2%  

𝑅𝑅 𝐾𝐾
 

see talk by D. Martinez Santos  
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Ex. Search for hidden scalars in 𝑏𝑏 → 𝑠𝑠𝑠𝑠𝑠𝑠 
 

 Scalar portal from mixing with Higgs ℒ =  𝑔𝑔𝜒𝜒 +  𝜆𝜆𝜒𝜒2 𝐻𝐻†𝐻𝐻 
• Lifetime 𝜏𝜏 ∝ sin−2 𝜃𝜃,  e.g. 𝜏𝜏𝜒𝜒~10−8 − 10−9𝑠𝑠 for an inflaton 
 Displaced vertex 

 

• 𝑏𝑏 → 𝑠𝑠 𝜒𝜒 𝜇𝜇+𝜇𝜇−  dominating up to hadronic threshold 
 
 95% CL upper limit with 3 fb-1: 

 
 
 
 
 
 
 
 
 

 
 

• Results are the most constraining exclusion limit on the process 
 

 Analysis largely background free  sensitivity scales with yield of B 
 15 

λ H 

χ 

CHARM 

EXPECTED 

see talk by F. Redi  

http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCP-lnr_p2scCFWj_cgodh38FGQ&url=http://www.staff.uni-giessen.de/%7Egd1472/belle.html&psig=AFQjCNEhOITlYbg1Mne2SwQ4G4Nnyl9t1w&ust=1441368302473448
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 On of the largest uncertainties in CKM matric are coming from 𝛾𝛾 = 𝑉𝑉𝑢𝑢𝑢𝑢 𝑉𝑉𝑢𝑢𝑢𝑢
∗

𝑉𝑉𝑐𝑐𝑐𝑐 𝑉𝑉𝑐𝑐𝑐𝑐
∗  

 
 

 
 
 
 

 
 The angle 𝛾𝛾 can be measured by comparing Vcb and Vub mediated transitions 

• γ from purely trees: 𝐵𝐵± → 𝐷𝐷(∗)𝐾𝐾(∗)  SM reference with almost no theory uncertainty 
• 𝐵𝐵𝑠𝑠 → 𝐷𝐷𝑠𝑠𝐾𝐾±, loop (mixing) + tree (decay)   sensitive to NP in 𝐵𝐵𝑠𝑠 mixing 
• γ from loop-mediated charmless decays B → h+h-, B+ → K+π+π−  penguin sensitive to NP 
 LHCb can do them all 
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Only tree 
decays σLHCb ~ 1o  

Expected future sensitivity on 𝛾𝛾 with 50 fb-1 

Fully hadronic B decays 
 Major improvement with  
     software trigger in Upgrade 
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 Indirect CP violation in charm mixing expected to be very small in  SM  (~10-4) 

• 𝐷𝐷0  only neutral system with FCNC decays with up type quarks 
 

• Ex.  𝐴𝐴Γ = 𝜏𝜏 𝐷𝐷0→ℎ+ℎ−  − 𝜏𝜏(𝐷𝐷0→ℎ+ℎ−)
𝜏𝜏 𝐷𝐷0→ℎ+ℎ− + 𝜏𝜏(𝐷𝐷0→ℎ+ℎ−)

  with 𝐷𝐷0 → 𝐾𝐾𝐾𝐾 and 𝐷𝐷0 → 𝜋𝜋𝜋𝜋 
 

 𝐴𝐴Γ ≠ 0 : indirect CP violation 
 Robust against systematics due to cancellations 

 
 

 
 
 
 
 
 
 
 
 
 

• Together with ∆𝐴𝐴𝐶𝐶𝐶𝐶, 𝐴𝐴Γ(𝐷𝐷0 → 𝐾𝐾𝐾𝐾)  ≠ 𝐴𝐴Γ(𝐷𝐷0 → ππ) may also be used for direct CP violation 
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σLHCb ~ 10-4  

The fully hadronic software trigger 
and the improved impact parameter 
resolution of the Upgrade are crucial 

Expected future sensitivity with 50 fb-1 
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+ a wealth of additional physics 

 Diversity and non-spectator effect of the  𝐵𝐵𝑐𝑐 system, and baryons 
 Lepton universality, lepton flavour violation, searches for long-lived “portals” 
• Production measurements and spectroscopy, QCD, PDFs, and EW 
• …and quarkonium and Z production in pA and possibly also AA collisions 
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250++ papers  
and counting 

Far from 𝝈𝝈𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕  
at end of Run 2 
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 LHCb has fought hard to earn the title of forward GPD 

• LHCb has demonstrated  forward  tracking and particle ID in pileup environment 
• A very rich physics precision program 

 
 

 Folding in efficiencies and luminosity, upgrade get up to 20 times more hadronic events per 
second ! 

• Upgrade allows reaching theoretical uncertainties and opens the door to new observables 
 

 But strength is the full software trigger to tune to any signature that may be 
popular in 2020! 

 

 

 The LHCb Upgrade has been fully approved by CERN 
     and is in the production phase. 

 
 
 In continuous search for new flavours! 
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http://brewtasterepeat.wordpress.com/
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EXTRA SLIDES 

20 
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Covers ~4% of the solid angle, but captures ~40% of the heavy quark production cross-section 
• Acceptance 2 < η < 5 with entire detector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Extremely good performance in the pileup environment 
• Detector ageing under control 
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10 – 250 mrad 

10 – 300 mrad ~20m 

Atlas/CMS

LHCb

Acceptance

~10m 
Vertex Detector 

RICH Detectors 

Muon System 

Tracking System 

Calorimeters 
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 Extremely good performance in the pileup environment 
 Detector ageing under control 
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Muon System 
µ/h separation 

Calorimeters 
h/e/γ separation 

Tracking System 

RICH Detectors 
K/π  

Vertex Detector 

Impact parameter resolution  20 µm 
Proper time resolution            Δτ = 45 fs for Bs  J/ψ φ and Bs  Ds π  
Momentum resolution            Δp/p = 0.4 % – 0.6 % (5 GeV/c – 100 GeV/c)  
Mass resolution               Δm = 8 MeV/c2 for BJ/ψ X with constraint on J/ψ   
RICH π-K separation              ε(K→K) ~ 95 %, mis-ID ε(π→K) ~ 5 % 
Muon ID               ε(μ→μ) ~ 97 %, mis-ID ε(π→μ) ~ 1-3 % 
E.m. energy resolution           ΔE/E = 1 % ⨁10 %/ E (GeV) 
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