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                           Part 1: LHCb experiment 
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LHC complex

● Large Hadron Collider beauty experiment – one of the major projects at the LHC 

● LHC: largest and most sophisticated scientific instrument ever built
   → world's highest energy and beam intensity particle accelerator 
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● Project conceived in 1994 

● 10 years of R&D: numerous test beam campaigns and MC simulations for every subcomponent

● 2004-2008: detector production, installation and commissioning phase
 

● Collision data taking since 10/2009 
 

● Manpower:  804 scientists from 55 institutes in 15 countries (as of 03/2012)

LHCb project history
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LHCb objectives

b

b̄

b

b̄

●LHC delivers unprecedented amount of heavy flavor particles

● Great opportunity to perform high-precision measurements 
   and study rare processes in the heavy flavor sector 

● LHCb is mainly devoted to study the physics of the heaviest  
   hadrons – beauty flavored ones   

● CP violation in the B hadron sector: powerful test of 
   the Standard Model (SM), which accommodates this              
   phenomena but doesn't explain it

● New Physics may enter via contributions from virtual 
    heavy particles in loop-mediated processes giving access 
    to scales greater than the LHC centre-of-mass energy

● LHCb's major assignments: 
   → measure processes strongly suppressed in SM and 
        search for deviations from SM predictions – hints of 
        the New Physics
   → improve measurements on CKM elements and 
       overconstrain the unitarity triangles
   → study physics of FCNC via e.g.                   transition

→ B hadrons at the LHC are mainly produced
     at low polar angles in the same forward cone

PV

B
J /ψ

K s
0

μ+

μ−

π+

π−

→ Typical topology:  

B̄ h± /l±

tagging B decay

signal B decay

b→ s γ
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LHCb spectrometer

=> LHCb spectrometer: combination of tracking and PID detectors covering full acceptance

PID detectors

collision 
  point 

Tracking detectors
● Forward spectrometer with planar detectors: 
    optimized for the forward peaked heavy 
    quark production at the LHC 

● covers about 4% of the solid angle, but    
   captures around 40% of the heavy quark 
   production cross-section

● Detector acceptance: 1.9<η<4.9 
   fully covered by the tracking system 
   →  unique at the LHC

● Size: 10m high, 13m wide, 21m long

● Weight: ~5600 tons 

● Number of r/o channels:  ~106

● Designed to run at a moderate luminosity: 
    large pile-up complicates identification of 
    the B decay vertex and flavor tagging   
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Tracking system: VELO

● reconstruction of the primary and decay vertices,
   track seeds + info for the trigger
● surrounds collision point being outside magnetic 
   field, just 8 mm away from the beam line
● 21 Si-strip stations measuring r and ф hit positions 
     + 2 r-only stations
● largest angular coverage among LHCb subsystems  
● detection coverage:  1.5<η<5.0 , -4<η<-1.5   

● excellent performance during data taking
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VELO performance

● Primary Vertex resolution: 

● Impact-parameter resolution: 

● single-hit resolution up to 4µm

● hit finding efficiency: >99.8% 
● great IP resolution  
● excellent primary+secondary 
   vertex reconstruction: 
    proper time resolution for 
    B hadrons < 50 fs 
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                Tracking system: TT and Magnet

TT station: ~8 m2 of Si-sensors● TT station: 

→ 4 layers of Si-Strip 
     detectors in front of 
     the magnet:
     ~150k r/o channels 
 

→ adds momentum 
    information and 
    helps to reconstruct 
    the decay products of 
    long-lived particles 

→ hit resolution ~ 62 μm

● Magnet : 
 

→ essential component 
     for track momentum 
     measurements 

→ its aperture defines 
    the detector's 
    acceptance

→ bending power:
 

residual (mm)

TT σ
data

~62 μm 

Magnetic field strength
along the z axis 

∫ Bdl=4.2T×m

Dipole  magnet
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Tracking system: T stations

T1T2T3 magnet

Inner Tracker (IT)

Outer Tracker (OT)

IT: Si-sensors

OT: straw tubes

IT
σ

data
~54 μm 

residual (mm)

● T1 – T3  stations: 

→ each consists of 4 layers split into 
     the Inner and Outer Trackers (IT/OT)
 

→ IT: ~1.3% of the station sensitive area
    but 25% of all tracks pass through it 
 

→ deflection of the tracks at T1-T3 stations  
     is used to measure their momenta

→ IT hit resolution: ~ 54 μm 
    OT hit resolution: ~ 270 μm
 

→ good spatial hit resolution = accurate 
    measurement of the track coordinates  

residual (mm)

OT
σ

data
~270 μm 
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 Track categories

● Long tracks: high-momentum tracks traversing 
   the full LHCb tracking setup 
   → measured with the highest possible precision

   → most useful for physics analysis

   → most numerous in the main LHCb acceptance 

● VELO tracks: large-angle or backward tracks, 
   used for the primary vertex reconstruction 

● Upstream tracks: low-momentum tracks which    
   are swept away by the magnetic field

● Downstream tracks: typically the decay products    
   of long-lived particles (e.g.                  ) which 
   decay outside the VELO acceptance

● T tracks: products of secondary interactions

K s
0 andΛ
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 Long Tracks

=> Long track reconstruction: combing VELO track seeds with the T track segments + adding TT hits 

magnet

VELO

TTT2 T1T3
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                            Tracking performance

● Excellent momentum resolution:
    → δp/p ~ 0.35-0.55% depending on p    
   → invariant mass resolution of B hadrons 
       ~ 7-20 MeV depending on the decay mode 
     →  rejection of combinatorial background  

● Great track finding efficiency 
 

● Rigorous suppression of multiply reconstructed 
   (clones) and spurious long tracks (ghosts)

CERN-LHCb-PUB-2011-025Phys. Lett. B 708 (2012) 241-248

world's best measurements 
(done with just 2010 data!)
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LHCb particle identification

ECAL HCAL MUONSPD Pb PSRICH1/2

h±

μ±

e±

γ

● RICH system:
   → efficient hadron ID over the wide
        momentum range
   → unique at the LHC 

● Scintillator Pad Detector (SPD) and 
   Preshower (PS): 
   → robust e/γ and e/hadron separation

   → single layer scintillator tiles separated by 

        Pb sheet 2.5 X
0
 in depth    

● ECAL:  
  → e and γ energy measurement

  → widely used in the offline analysis
      (e.g.                                                             )
  → trigger on electromagnetic decay channels

● HCAL: 
  → energy measurement for hadrons 

   → trigger on hadronic decay channels 
 

● Muon stations:  μ identification (multi-wire-proportional chambers)
                               trigger on muonic decay channels  

B0→ K∗ γ , B s
0 →ϕγ , B0 →π+π− π 0
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  RICH system

● Two RICH detectors with 3 radiators : 
    → efficient           separation for 
         p=1–100 GeV/c range    
   → crucial for flavor tagging and separation 
        of B decays with identical topology:

     →  efficiencies and mis-ID in data: 
          tag-and-probe method
     → performance is close to MC over the 
         full momentum  range

K /π

B0→ K± π∓ , B0 →π+ π− , B s
0 →K + K −

 Tag: PID on 
 one kaon

Probe: PID on 
both kaons

ϕ→K + K − ϕ→K + K −
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  Calorimetry

ECAL HCAL

● ECAL: Pb plates/scintillator tiles  oriented                
              perpendicularly to the beam axis 
   → central 30 mrad cut-out for the beam pipe

   → 3 different transverse segmentations 

   → depth: 25 X
0
 and 1.1λI    

   →   σ(E )/E=10 %

√E
+1%

● HCAL: Fe plates/scintillator tiles  arranged               
              parallel to the beam axis 
   → central 30 mrad cut-out for the beam pipe

   → 2 different transverse segmentations 

   → depth: and 5.6λI    
   →                                   moderate but well enough
                                               for trigger purposes

σ(E )/E= 69%

√E
+9 %
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  ECAL performance

η

ω

D0

π0 η

η'
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  Trigger System 

 Detector 
Raw Data

L0(hardware based):
CALO+MUON info

E
T  

hadron

E
T  

electron

E
T  
γ, π0

p
T  

muon

Max 
1.1MHz

Max 
40Hz

  

Max 
3Hz

  → inclusive B, D, J/ψ,
       etc. and exclusive
       selections 

→ full event 
    reconstruction

HLT2:

→ partial event 
     reconstruction    
     to confirm L0      
     seeds:
     high p

T
 tracks,

     PV reconstruction, 
     cuts on IP and        
     lifetime

HLT1:

    Storage
event size: ~50kB
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Data taking in 2009–2011

year luminosity energy (TeV)
2009 0.9
2010 0.9
2010 7
2011 2.76
2011 7

6.8 µb–1

0.3 nb–1 
37 pb–1

 0.1 pb–1

 1.1 fb–1 

● Good quality of recorded data: 
  -> >95% of r/o channels are operational
 

● Data taking efficiency in 2011: 91%
  -> DAQ issues: major source of inefficiency

=> Running challenges:

● Luminosities up to 3.9× 1032 cm-2 s-1 were achieved in 2011

● LHCb design luminosity: 2.0 × 1032 cm-2 s-1

● Strong challenge for the trigger, offline reconstruction 
   and data processing

● LHCb successfully copes with these extreme running conditions 

design
value
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Data taking in 2012

● Instead of horizontal separation 
of the beams, in 2012 they are tilted 
vertically at the LHCb interaction point:
→ vertical separation+horizontal               
    compensation=tilted crossing plane

=> 2012 running conditions:

● pp collisions at a centre-of-mass energy of 8 TeV
  →  15% increase of the        cross-section w.r.t. 7 TeV 

● luminosities up to 4 × 1032 cm-2 s-1

● average pile-up: ~2   

● bunch spacing 50 ns  

● 1.5 fb–1 is expected to be collected by the end of 2012

b b̄
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                              Luminosity leveling

● As more proton bunches are injected, no way to moderate the instantaneous luminosity at LHCb and ALICE 
  by limiting the number of colliding bunches

● Solution: luminosity leveling – reduces the area of interactions where the bunches pass through each other 

Beam1 Beam2 Beam1

Beam2

ATLAS/CMS: higher luminosity ALICE/LHCb: lower luminosity

● Offset between the beams reduces the amount of interactions

● LHC continuously displaces both beams w.r.t. each other: instantaneous luminosity at a roughly constant 
   value for the whole duration of a fill  
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Typical event

 VELO

→ 2 PV reconstructed
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       Part 2: Selection of recent results from LHCb
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  LHCb Physics Program 

=> Rare B decays:
● Radiative, leptonic, electroweak, 
   hadronic decays

● SM forbidden transitions 

=> B decays to charmonium:
● B mixing parameters
● CP violation measurements

=> B decays to open charm:
● CKM γ angle from B → DK  
● B decays to double charm 

=> Charmless B decays:
●  B → hh , B → VV  

=> Semileptonic B decays:
●  Form factors and search for CP 
    violation in mixing  

=> Charm physics:
● production and spectroscopy 
● CP violation and mixing
● Rare charm decays 

=> B hadrons and quarkonia:
● Production and spectroscopy of 
   B hadrons and quarkonia 

=> QCD, electroweak and exotica:
● Soft and hard QCD processes 
● Particle production (incl. Electroweak bosons)
● PDF
● exotic long-lived particles
  
In this talk, recent results on:
● Rare decays:  
● Bs mixing
● CP violation measurements
● Production W and Z bosons
● Energy Flow 
are presented 

B s
0 →μ+μ− , B0→ K *μ+μ−
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             Analysis (1)Bd , s
0 →μ+μ−

● FCNC decays strongly suppressed in SM:

→ can be significantly enhanced by New Physics 
     (SUSY models with non-universal Higgs masses
       and models with leptoquarks)

→ sensitive test of SM

→ previous upper limits:

● Recent searches with 1fb–1 @ 7 TeV  
 

● Selection with MVA Boosted Decision Tree: 
  → 6 variables: kinematic information

  → retains 92% of the signal, while removing       
       80% of the residual background  

SM : BR(Bd
0 →μ+μ−)=(0.10±0.01)×10−9

SM : BR(B s
0 →μ+μ−)=(3.20±0.20)×10−9

BR (B s
0 →μ+μ−)<1.4×10−8 BR (Bd

0 →μ+μ−)<3.2×10−9

BDT discriminant:
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             Analysis (2)Bd , s
0 →μ+μ−

experiment reference

CMS

LHCb

   Lint

5 fb–1 <7.7×10–9  <1.8×10–9  arXiv:1203.3976v1

 1 fb–1 <4.5×10–9   <1.0×10–9   arXiv:1203.4493v2 

BR(B s
0 →μ+μ−) BR(Bd

0 →μ+μ−)

Status as of May 2012 at 95% CL:  

● LHCb with 5 times less data gets better results and sets world's best upper limits !
 

● LHCb results impose strong constraints on SUSY models 
 

● With 2.5 fb–1 (end of 2012) we should see SM signal at 3 sigma (if it exists...)   

Expected CLs
assuming bkg+SM

Observed CLs

BR<4.5×10−9@ 95%CL BR<1.0×10−9@95%CL→ getting closer to SM value

1σ

1σ
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                    Analysis (1)Bd
0 → K∗μ+μ−

● b → s FCNC decay mediated by                   
   electroweak loop-diagrams  
→ high sensitivity to New Physics: new particles  
    may enter in loop diagrams significantly            
    affecting

● Observables of interest:
→  AFB: lepton forward-backward asymmetry 
    of a muon in the rest frame of B
→ FL : fraction of the longitudinal polarization of   
    the K* meson 
→ Differential BF  

→ all the variables are studied vs q2=M2(μμ) 

● analysis performed with 1fb–1 @ 7 TeV  

● Selection with MVA Boosted Decision Tree
→ rejection of J/ψ and ψ(2S) resonances  

→ kinematic + PID information

CERN-LHCb-CONF-2012-008
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                    Analysis (2)Bd
0 → K∗μ+μ−

● Much more precise 
   measurement of 
   the observables 
   than by the             
   previous
   experiments 

● Results are in good 
   agreement with SM 
   predictions   

 

● First measurement: 

 

    

q2(AFB=0)=4.9−1.3
+1.1GeV 2 /c4

q2(AFB=0)=4−4.3GeV 2 /c4

SM prediction:

 

● more statistics is     
   needed
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                                Prompt reaction

● Immediate feedback from theoreticians on latest LHCb results for these rare decays:              
  

 

● SUSY with large tanβ is practically excluded
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             Some first observations of rare decays

● Two excited       baryons   
→ arXiv: 1205.3452v1 [hep-ex] 15 May 2012

●                              decay 
→ arXiv: 1204.0079v1 [hep-ex] 31 Mar 2012

● Cabibbo suppressed decays:

→ arXiv: 1201.4402v1 [hep-ex] 20 Jan 2012

→ last one is sensitive to the CKM angle γ 

●                      decay:
→ arXiv:1111.4183v3 [hep-ex] 9 Feb 2012

●                     decay:
→ arXiv: 1110.3676v3 [hep-ex] 15 Nov 2011

●                                  decay:
→ arXiv: 1102.0206v2 [hep-ex] 2 Mar 2011

Λb
0

Bc
+→ J /ψπ+π-π+

Bd
0 →D - K +π+π - B- →D0 K -π+ π-

Bs
0→ K* K̄ *

Bs
0→ D0 K *

Bs
0→ J / ψ f 0(980)
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                                      mixing (1)    Bs
0

ϕq

=> Latest LHCb results on Bs mixing:

● arXiv:1204.5675v3 [hep-ex] 23 May 2012:  

● LHCb-CONF-2012-002  5 March 2012: 

ΔM q

ϕs from B s
0→ J /ψπ+π - with 1fb-1

● One of the most interesting properties of neutral B mesons: 
   → discovered in the     sector by ARGUS in 1987

   →      oscillations were firstly studied at Tevatron,      sector was much better explored  
 

Bd
0

Bs
0

q∈[d , s]

ΔΓq

● Important  parameters:
→           and          –  mass and decay width differences between the heavy and light      eigenstates

→           defines frequency of oscillations                 average number of oscillations before the decay

→       weak mixing phase of the              oscillations 

→       is tiny in SM, directly related to the CKM angle   (                  ) sensitivity to New Physics 

→       extraction via measurements of time-dependent CP-asymmetry in               transition

Bq
0

ΔM q ΔM q /Γq

Bq
0− B̄q

0

Bd
0

ϕs ϕs≈−2χ
b→c c̄ sϕs

ϕs ,Γs ,ΔΓs from Bs
0→ J /ψϕwith 1fb-1

Bs
0

B̄ s
0

f
Interference gives rise to ϕs
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                                      mixing (2)    Bs
0

rejected as                arXiv:1202.4617v2ΔΓs>0Bs
0→ J / ψϕ

σ≈6 MeV

●                   : tagged time-dependent angular analysis
    → fitting 9 parameters 

● the world’s most precise measurement of 
 

● first observation for a non-zero value for
 

● good agreement with SM...

ϕs

ΔΓs

●                           analysis:Bs
0→ J / ψπ+π -

● Latest results on
   → good consistency with the CDF result                     
             

ΔM s with 340 pb−1

LHCb-CONF-2011-050
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                  Selected CP violation results

● CP asymmetry was observed and measured 
     in many different B decay channels e.g.:

 

                    

Bs
0→ K + K -

Bd
0 →π+π-

consistency with BaBar and Belle 

 measured for the first time

Bd
0 →K * γ

LHCb-CONF-2012-004
 good agreement with SM 

LHCb-CONF-2012-007 

● CP violation in charm sector is tiny in SM
  →  CP violation at the level of O(1%)  – NP  

  → first evidence of CP violation in charm
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LHCb and Parton Distributions  

● Ability to investigate low-p
T
 region (<0.5 

   GeV/c) at large η(>4)

   →  the only one LHC experiment that can      
        investigate this region of the phase space 

   →  great potential to study soft QCD 
physics

● LHCb, due to its rapidity coverage,                  
   explores particle production in an
   unique kinematic range:

  → probes of PDFs at very low and 
        at high values of x and low-Q2

     → measurements of the low-mass 
       (up to 2.5 GeV) Drell-Yan cross-section      
        are  possible with LHCb – probe x 
       values down to 1.5×10-6

    arXiv:0808.1847v1 [hep-ph]
       LHCb-CONF-2009-014
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Electroweak results  

● analysis performed with 37pb–1 

● 

● isolated muons from W decay

● valuable input to the knowledge of the PDF of the proton 

Z 0→μ+μ -andW →μνevents
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                 EF Analysis: Physics Motivation

● Energy Flow (EF) 

   directly sensitive to the amount of parton radiation and multi-parton interactions (MPI):
    -> MPI – predominant source of the underlying event (UE) activity

    -> MPI phenomena is still not well known

    -> forward EF measurements should allow to discriminate between different MPI models 

    -> additional input to the determination of the parameters of the existing MPI models
   

● Forward EF has never been measured at a hadron collider in the pre-LHC era: 

    -> CMS has recently made first measurements for 3.15<η<4.9

● EF measurements are strongly needed for MC tuning:

    -> most of the current models were tuned to describe SPS and Tevatron data at central rapidities     

    ->  accurate theoretical description of the UE structure still remains to be a challenge 
   

EF= 1
N inter

dETOTAL

d η
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                 EF Analysis: Physics Motivation

● EF measurements supposed to 
   improve the existing constraints on 
   ultra-high energy cosmic-ray models:

→ LHC provides first possibility to 
      compare cosmic-ray showering models
      at Elab of up to ~1017 eV 

 by Ralf Ulrich  

● First analysis where LHCb data 
   compared with the CR models: 
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                     EF Analysis: Event Classes

  
 ● LHCb MC: ~70% of selected diffractive candidates at detector level are indeed the diffractive events 
                   ~90% of non-diffractive candidates are indeed non-diffractive events
 

● Purity gets much better at generator level

● Inclusive MB events:
   -> detector level   : at least 1 long track in 1.9<η<4.9 with p>2 GeV/c + good quality
                                  additional cuts to suppress beam-related background and pile-up 
   -> generator level: at least 1 charged stable generated particle in  1.9<η<4.9, no pile-up BXs 
                                  no cut on E – correction of the measurements to the full energy flow
 

 ● Hard scattering events → selected among inclusive MB ones 

   -> detector level   : at least 1 longtrack in 1.9<η<4.9 with pT>3 GeV/c 
   -> generator level: at least 1 charged stable particle in 1.9<η<4.9 with pT>3 GeV/c 
 

 ● Diffractive enriched events → selected among inclusive MB ones 

   -> detector level   : no backward tracks reconstructed in –3.5<η<–1.5  

   -> generator level: no charged stable particles in –3.5<η<–1.5 
 

 ● Non-diffractive enriched events → selected among inclusive MB ones 

   -> detector level   : at least 1 backward track in –3.5<η<–1.5      
   -> generator level: at least 1 charged stable particle in –3.5<η<–1.5 
              

LRG over 2 units of η !
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                EF Analysis: Results (1)

-> PYTHIA-based models underestimate EF at large η 
-> valuable input for MC tuning  

=> total corrected EF vs PYTHIA-based generator level predictions:
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                       EF Analysis: Results (2)

-> PYTHIA8 describes the diffractive EF much better than all the other models do
-> non-diffractive and diffractive EF are underestimated by the PYTHIA-based models  

=> total corrected EF vs PYTHIA-based generator level predictions:
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                       EF Analysis: Results (3)

-> SYBILL gives the best description of the total inclusive minbias EF among all the models ! 
-> QGSJETII-03 describes the hard scattering EF at large η better than all the other models  

=> total corrected EF vs cosmic-ray model predictions:
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                EF Analysis: Results (4)

-> SYBILL gives the best description of the total non-diffr. enriched EF among all the models !  
-> SYBILL description of the diffractive EF is competitive with the one provided by PYTHIA8

=> total corrected EF vs cosmic-ray model predictions:
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                   Part 3: LHCb upgrade plans  
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                                       Motivation

● LHCb can't now collect >1.5 fb –1 per annum
  because of the maximum r/o rate of 1.1MHz
 

● Major Goals: 
   1) 40MHz r/o → 5 fb–1 per annum

   → hardware to be replaced
   2) increase trigger efficiencies
   →  factor of 5 and >10 for muonic and hadronic 
         channels, respectively
   → fully software based trigger system
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                          Foreseen modifications
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                                      Schedule

● 2012:            LHCb data taking @ 8 TeV  / approval of                 
                        “Framework TDR”,  start of R&D for the upgrade

● 2013-2014:  1st LHC long shutdown / LHCb maintenance/         
                        submission of LHCb subsystems TDRs to LHCC

● 2015-2017:  LHCb data taking @ 13-14 TeV /  new hardware
                       construction

● 2018:           2nd LHC long shutdown / installation and                  
                       commissioning of the upgraded detector 

● 2019-2021:  LHCb data taking @ 14 TeV                                    
 
● >2022:         LHCb data taking @ High-Luminosity LHC (tbc) 
  

Just released

Clock for LHCb 
upgrade has started to tick !
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Summary

LHCb detector achievements:
 

  ● Excellent vertex resolutions
 

  ● Great tracking performance 
 

  ● Robust particle identification

  ● Selective and flexible trigger system

…and LHCb does it indeed :

Great conditions to deliver 
high-quality physics results 

Just do it  :-)  
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  ● 56 papers submitted to journals so far, a lot more in the pipeline  

  ● world's best measurements of many important physics parameters  with rather
     moderate amount of data and manpower !!!

  ● Upgrade activities launched  
  
  ● LHCb is much more than just a beauty experiment :-) 
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