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Outline
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   → data taking

● Physics program and some results
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    forward energy flow  
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                           Part 1: LHCb experiment 

 10.08.2012, Berlin (ISVHECRI2012)                 LHCb status and results by D. Volyanskyy                                                               3/39



  

LHCb objectives

●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

   → study physics of FCNC via e.g.                   transition

   → improve measurements on CKM elements and        

       overconstrain the unitarity triangles

→ 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

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

  → covers ~4% of the solid angle, but captures ~40% of the heavy quark production cross-section

  → combination of tracking and PID detectors covering full acceptance
 

● Detector acceptance: 2<η<5  fully covered by the tracking system – unique @ LHC 

  → ability to study low-p
T
 region (<0.5 GeV/c) at large η(>4) – unique @ LHC 

  → 10m high, 13m wide, 21m long, ~5600 tons , ~1M r/o channels 

● Designed to run at a moderate luminosity: large pile-up complicates B decay vertexing and flavor tagging
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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 

LHCb project history
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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 impact parameter resolution  

● excellent primary and 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

● Magnet : 
 

→ essential component for track momentum measurements 

→ its aperture defines the detector acceptance

→ bending power:∫ Bdl≈4T×m

Dipole  magnet
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● TT station: 

→ 4 layers of Si-Strip detectors in front of the magnet

 → adds momentum information and helps to reconstruct 

     the decay products of long-lived particles



  

Tracking system: T stations

T1T2T3 magnet

IT: Si-sensors

OT: straw tubes

● T1 – T3  stations: 

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

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

→ good spatial hit resolution achieved
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 Long Tracks

magnet

VELO

TTT2 T1T3
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● 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

   → reconstruction: combing track seeds in the        

        VELO and T stations + adding TT hits 



  

                            Tracking performance

● Excellent momentum resolution:

   → δp/p ~ 0.4-0.6% depending on p

   → great invariant mass resolution 
   → rigorous 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 @ LHC 

● Scintillator Pad Detector (SPD) and 
   Preshower (PS): 

   → robust e/γ and e/hadron separation
 

● Muon stations:

→  μ identification & trigger on muonic channels  

● 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 
 

B
0→ K

∗ γ , Bs

0 →ϕγ , B
0 →π+π− π 0
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  RICH performance

● 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

B
0→ K

± π∓
, B

0 →π+π−
, Bs

0 → K
+

K
−

 Tag: PID on 
 one kaon

Probe: PID on 
both kaons

ϕ→ K
+

K
− ϕ→ K

+
K

−
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  ECAL performance

η

ω

D
0

π0 η

η'
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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

 1.0 fb–1 

●   > 90 % data taking efficiency

●  ~99% r/o channels operational 

●  ~99% of accumulated data is 
      useful for physics analysis

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 
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Data taking in 2012
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Current running conditions:

● pp collisions at 8 TeV

  →  15% increase of the      cross-section 

       w.r.t. 7 TeV 

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

● luminosity leveling (see next slide) 

● >2 fb–1 is expected to be collected by 
   the end of 2012

b b̄



  

                              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: Physics program and some results
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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
● Energy Flow and Particle Multiplicities 
are presented 

Bs ,d

0 →μ+μ−
, B

0→ 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 @95% CL:

● Recent searches with 1fb–1 @ 7 TeV  

   → control channels B→h+h- 
 

● Selection with MVA Boosted Decision Tree 

SM : BR(Bd

0 →μ+μ−)=(0.10±0.01)×10
−9

SM : BR(Bs

0 →μ+μ−)=(3.20±0.20)×10
−9

BR(Bs

0 →μ+μ−)<1.4×10
−8

BR(Bd

0 →μ+μ−)<3.2×10
−9
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J. High Energy Phys. 10 (2010) 009
Acta Phys. Pol. B 41, 2487 (2010)

Phys. Lett. B 708, 55 (2012)



  

             Analysis (2)Bd , s

0 →μ+μ−

experiment reference

ATLAS no result

CMS

LHCb

   Lint

2.4 fb–1 <2.2×10–8  arXiv:1204.0735v3

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(Bs

0 →μ+μ−) BR(Bd

0 →μ+μ−)

Status as of June 2012 at 95% CL:  

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

● Results impose strong constraints on SUSY models 
 

● By the end of 2012 LHCb should observe the SM signal at ~3 sigma (if it does exist...)   

Expected CLs
assuming bkg+SM

Observed CLs

BR<4.5×10
−9

@ 95%CL BR<1.0×10
−9

@95%CL→ getting closer to the 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 causing large 
     deviations from the SM

● Some 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 

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 
 
● First measurement: 

 

    

q
2(AFB=0)=4.9−1.3

+1.1
GeV

2 /c4

q
2(AFB=0)=4−4.3GeV

2 /c4

SM prediction:

 

● better precision       
   with more data + 
   additional                
   observables 
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CERN-LHCb-CONF-2012-008



  

                                Prompt reaction

 

● SUSY with large tanβ is practically excluded
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● Immediate feedback from theoreticians on latest LHCb results for these rare decays:              
  



  

                                      mixing (1)    Bs

0

=> Latest LHCb results on Bs mixing:

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

● LHCb-CONF-2012-002  5 March 2012: 

ϕs from Bs

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 is much better explored  

 

Bd

0

Bs

0

q∈[d , s]

ΔΓs

●  Some observables of interest: 
 

→            decay width differences between the heavy and light     eigenstates
 

→       weak mixing phase of the              oscillations, directly related to the CKM angle ,  tiny in SM 

          (high sensitivity to New Physics) extraction via measurements of time-dependent CP-asymmetry in    
                          transition

Bs

0

Bs

0− B̄s

0

Bd

0

ϕs

b→c c̄ s

ϕs ,Γs ,ΔΓs from Bs

0→ J /ψϕwith 1fb
-1

Bs

0

B̄s

0

f
Interference gives rise to ϕs
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                                      mixing (2)    Bs

0

Bs

0→ J / ψϕ

σ≈6 MeV

●                   : tagged time-dependent angular analysis

● 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 -
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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 

  → first evidence of CP violation in charm

Δ ACP=(−0.82±0.21(stat )±0.11(syst))%

ACP=0.008±0.017(stat)±0.009(syst)
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    Part 3: Particle multiplicities and forward energy flow

 10.08.2012, Berlin (ISVHECRI2012)                 LHCb status and results by D.Volyanskyy                                                              30/39



  

          Charged Particle Multiplicities (1)

● Measurement of the charged particle multiplicities :

   → sensitivity to the underlying QCD dynamics

   →  charged particles counted using reconstructed tracks

         in the LHCb VELO:
        –  high detection efficiency for 2.0<η<4.5 and –2.5<η<–2.0 
        –  tracks are straight lines in the VELO as no magnetic
            field there – no momentum measurements

   →  measurements with minimum bias and hard interaction 

         (at least 1 long track with pT>1 GeV/c) events 

 Eur. Phys. J. C 72 (2012) 1947● Charged particle density per event vs η for the data and models:

    → normalized to events with at least 1 charged particle in the forward acceptance

    → large discrepancy between the data and model predictions: Perugia NOCR without diffraction gives the 

        best description of the measurements 

z
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          Charged Particle Multiplicities (2)

2.0<η<4.5 2.0<η<4.5 2.0<η<4.5 2.0<η<4.5 

Hard events Hard events Inclusive MB events Inclusive MB events 

● none of the generators are fully able to describe the multiplicity distributions or the charged density 
   distribution as a function of η in the LHCb acceptance

● models underestimate the charged particle production in the forward region

   → valuable input for MC tuning and UE models + powerful test for the cosmic-ray interaction models

● multiplicity distributions for inclusive MB and hard events vs generator level predictions: 

 Eur. Phys. J. C 72 (2012) 1947
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            Forward Energy Flow: outline

● Energy Flow (EF) : 

average energy created in a particular η interval 
per inelastic pp interaction and normalized to the η bin size 

● EF directly sensitive to the amount of parton      
   radiation and multi-parton interactions (MPI) at 
   large pseudorapidity 

 

  → MPI features are still not well known:

      strongly needed for a precise description of the UE

 → possibility to discriminate between MPI models 

      and determine important parameters

  → great input for MC tuning

● it has never been measured at a hadron 
   collider in the pre-LHC era 

  → CMS has recently made first measurements 

       at 7 TeV for 3.15<|η|<4.9 

● EF is measured in 1.9<η<4.9 with low pile-up pp
  MB data at 7 TeV for the following event classes:
 

   →  inclusive MB: at least 1 long track in 

        1.9<η<4.9 with p > 2 GeV/c 

   → hard scattering: at least 1 long track in 

       1.9<η<4.9 with pT > 3 GeV/c 

   → diffractive enriched: inclusive MB with no 

        backward tracks in −3.5<η<−1.5 

   → non-diffractive enriched: inclusive MB with 

        at least 1 backward track in −3.5<η<−1.5
 

● Data corrected for detector effects & compared 
   to the generator level predictions (PYTHIA-        
   based and cosmic-ray models)
 

● Systematic effects: tracking related factors,
   model dependency, pile-up contamination 

 CERN-LHCb-CONF-2012-012
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              Forward Energy Flow and CR physics 

● 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 are 

   compared with the cosmic ray interaction models: 

many thanks to Colin Baus and Ralf Ulrich from KIT
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             Charged EF vs PYTHIA tunes

● Charged EF increases with the momentum 
   transfer in an underlying pp process:
          EFhard > EFnon-diffr > EFincl > EFdiffr

   
● PYTHIA-based models underestimate EF 
   at large η  in case of all event classes

● Perugia NOCR gives the best description of 
   the inclusive charged EF among the tunes

 
● None of the models provide a reasonable         
 description of the hard scattering charged
  EF at large η 
 

● PYTHIA8 describes the diffractive enriched
   charged EF much better than PYTHIA6 
  

 
 CERN-LHCb-CONF-2012-012
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         Charged EF vs cosmic-ray models

● EPOS 1.99, SYBILL 2.1, QGSJET01, 
   QGSJETII cosmic-ray interaction models         

   → soft processes via Pomeron exchanges

        (Gribov's Reggeon  Field Theory)   

   → hard  processes: pQCD or exchanges of

        semi-hard Pomerons  

    → models are not tuned to LHC data  

● Good agreement between the data and 
   SIBYLL 2.1 & EPOS 1.99 predictions for 
   the inclusive and non-diffractive enriched 
   charged EF 

● QGSJETII-03 gives good description 
   of the data at large pseudorapidity in case 
   of hard scattering interactions

● All cosmic-ray interaction models 
   underestimate the diffractive enriched 
   charged EF
 

   CERN-LHCb-CONF-2012-012
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              Total EF vs PYTHIA tunes

● EF increases with the momentum transfer 
   in an underlying pp process:
          EFhard > EFnon-diffr > EFincl > EFdiffr

  

● PYTHIA tunes reproduce the EF evolution
   as a function of η 

● PYTHIA-based models underestimate EF 
   at large η and overestimate it at low η  
   in case of all event classes  

● PYTHIA LHCb tune and Perugia NOCR 
   predictions for the selected inclusive and
   non-diffractive enriched events are similar

● Perugia 0 significantly underestimates 
   EF at large η in case of all event classes 
  
● PYTHIA8 describes the diffractive enriched
   EF much better than PYTHIA6 
  

 
 CERN-LHCb-CONF-2012-012
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            Total EF vs cosmic-ray models

● SYBILL 2.1 gives the best description of 
   the inclusive and non-diffractive EF 

● EPOS 1.99 describes the inclusive and 
   non-diffractive EF reasonably well

● Good agreement between the data and 
   QGSJETII prediction for the hard scattering 
   EF at large η 

● Diffractive enriched  EF is underestimated 
   by all cosmic-ray interaction models:

   → SIBYLL 2.1 description is competitive 

        with the one given by PYTHIA8

● None of the models are able to describe the 
   EF measurements for all event classes:

   → valuable input for MC tuning and MPI/UE    

        models

 CERN-LHCb-CONF-2012-012
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Summary

● LHCb detector achievements: 

   → excellent vertex resolutions, great tracking performance, robust particle ID

   → great conditions to deliver high-quality physics results

● 63 papers are already submitted to journals, a lot more in the pipeline  

● world's best measurements of many important physics parameters: 

    → so far no evidence of New Physics beyond the Standard Model is observed 

● SIBYLL 2.1 and EPOS 1.99 cosmic-ray generators give good description of 
   the inclusive and non-diffractive enriched energy flow:    

  → further studies of LHCb data vs cosmic ray models are on the way – stay tuned 

● LHCb is much more than just a beauty experiment :-)
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  Backup: 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 
~50kHz

  

Max 
~4kHz

  → 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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