
[Acknowledgements to  F. Alessio, 
F. Archilli, C. Fitzpatrick, R. Forty,  
C. Gaspar, V. Gligorov, G. Passaleva, 
M. Schubiger , N. Tuning, and 
V. Vagnoni for some material] 

Barbara Sciascia, LNF-INFN 
(barbara.sciascia@lnf.infn.it) 

Sapienza University 
12 December 2017 

B(s)µµ at LHCb: details 
behind a successful result 

(with bonus tracks about LHCb and future plans) 
1 



LHCb at LHC in one slide 
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Outline 
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 - B(s)µµ: why it worth the effort 
 - A lot of data 
 - An excellent detector 
 - B(s)µµ: the measurement 
 - What next From “your” lectures 



B(s)µµ: rare b decays 
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B(s)µµ: SM theoretical expectations 
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[hep-ex/1403.4427] 

[Bobeth et al. 
PRL 112 (2014) 101801] 

Relative accuracy: 
 Bs: ~6% 
 B0: ~8% 



B(s)µµ: a long story 
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B(s)µµ at LHC (pre 2017) 
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B(s)µµ: BR measurement  
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From “your” lectures 



Interlude: statistical vs systematic errors 
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Precision ~ statistical error: 
 - well defined 
 - more (and more) data 
 - Sqrt(n) at work!  

Accuracy ~ systematic: 
 - a lot of checks 
 - redundancy 
 - you never know… 



A lot of data: luminosity 
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[“Moon corrections map”: small differences in 
gravitational force across LHC diameter.] 

A lot of data: the Moon 
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20 days 



A lot of data: Luminosity leveling 
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Run1 [2010-2012] operating conditions 
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design values 



Run2 [2017] operating conditions 
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Due to varying number of bunches and filling scheme: 



A lot of data: Luminosity leveling 
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A lot of data: heavy flavor production 
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Extremely large σ(bb) and 
σ(cc) in LHC hadron 
collisions. 

At 13TeV: σ(bb) ~ 45 kHz 
and σ(cc) ~1MHz cc in LHCb 
acceptance (HF cross section 
x2 with respect Run 1) 

[θ ~ 0] [θ = π/2] 



A lot of data: heavy flavor production 

17 - Barbara Sciascia (INFN/LNF) - Bsmm at LHCb - Roma La Sapienza 12 December 2017 - 



LHCb detector: an unusual shape 
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Collision point 

p [beam 2] 

p [beam 1] 



LHCb detector 
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[LHCb, A. Alves et al., The LHCb Detector at the LHC, JINST 3 (2008) S08005] 
[LHCb Detector Performance Int.J.Mod..Phys. A30 (2015) 1530022] 



LHCb detector 
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[LHCb, A. Alves et al., The LHCb Detector at the LHC, JINST 3 (2008) S08005] 
[LHCb Detector Performance Int.J.Mod..Phys. A30 (2015) 1530022] 



LHCb detector 
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LHCb detector: tracking system 
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VELO 
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! 
B 

p p 

[Performance of the LHCb Vertex Locator JINST 9 (2014) 09007] 



VELO 
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Beam Axis 

R 
4 cm 

100 cm 



VELO 
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Silicon detector: 42 modules arranged along the beam, each 
providing a measurement of the r and φ coordinates.  

Performance (vertex reconstruction) 
 - decay time resolution: 45 fs 
 - impact parameter resolution: 20 µm 

Detector safety: modules retracted by 29 mm during 
injection; 210 s to close; ~750 closing procedures in Run1 

[Performance of the LHCb Vertex Locator JINST 9 (2014) 09007] 

Opened at injection 

Closed when stable 
beam declared 



Track reconstruction 
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Dipole magnet implies an intrinsic 
charge asymmetry (left-right 
differences in the detector). 

Direction of magnetic field changed 
regularly and data sets combined. 



LHCb detector: RICHs 
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Cherenkov effect 
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RICH mirrors 
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[Performance of the LHCb RICH detector Eur.Phys.J. C73 (2013) 2431] 



LHCb detector: calorimeter and muon systems 
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Event display 
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LHCb detector performance in one slide 
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[LHCb Detector Performance Int.J.Mod..Phys. A30 (2015) 1530022] 



Collect data (DAQ) 
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Hardware trigger 
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Trigger 
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40 MHz bunch crossing rate

450 kHz 
h±

400 kHz 
µ/µµ

150 kHz 
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger 

26000 Logical CPU cores 

Offline reconstruction tuned to trigger 
time constraints 

Mixture of exclusive and inclusive 
selection algorithms

1.5 kHz 
Inclusive 

Topological

3.5 kHz (0.2 GB/s) to storage
1 kHz 

Inclusive/
Exclusive 

Charm

1 kHz 
Muon and 
DiMuon

LHCb 2011 Trigger Diagram

Try to defer computing needs 
to time without beam 

[arXiv:1211.3055; CERN-LHCb-DP-2012-004] 
[arXiv:1310.8544v1] 



40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

Trigger 
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[arXiv:1211.3055; CERN-LHCb-DP-2012-004] 
[arXiv:1310.8544v1] 



Trigger 
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[                                                                                                                     ] 
“All I’m saying is now is the time to run data reconstruction only once.”   



Before alignment  
σ(Υ) ~ 92 MeV 

Trigger 
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Same online and offline reconstruction and PID 
 - prompt alignment and calibration 
 - completely automatic and almost in real-time 

~50k logical cores 
~5PiB disk space 

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

After alignment 
σ(Υ) ~ 49 MeV 



Real-time alignment and calibration 
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Almost real-time alignment and calibration 
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Trigger buffer 
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~50k logical cores 
~5PiB disk space 

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

From 2015 experience, ~1 disk per day is 
replaced due to unrecoverable errors: until 
2015, mirror the 5 PiB of disk space in a 
second chunk of 5 PiB disks.  

Un-mirroring the disks doubles our buffer 
with the risk of per mil loss of data: since 
2016 total farm disk space is ~10PiB. 

This means more data and/or more time to 
reconstruct them. 



Trigger (Interlude) 
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Trigger and online farm 
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~50k logical cores 
~10PiB disk space 

[LHCC, September 2017] 



A lot of data… (Interlude) 
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[40 PB, entire movie 
catalogue in 2016] 



System for Measuring the Overlap with Gas 
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SMOG: Beam Gas Imaging 
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Original idea: determine luminosity 
by measuring beam profiles through 
beam-gas interaction (BGI). 

First measurements using beam 
vacuum ~1×10-9 mbar (then increased 
to  ~5×10-9 mbar by switching off 
VELO vacuum pumps). 

[arXiv:1410.0149 [hep-ex]] 



SMOG: fixed target physics 
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A device to inject gas (Ne) in the beam 
pipe around the VELO was developed: 
the SMOG 

Pressure of injected gas 1-2 ×10-7 mbar 
gas removed by two pumps at  20 m; 
only noble gases can be used (He, Ne, 
Ar, maybe Kr and Xe toward end of run) 

Presently LHCb is the 
only experiment 
capable of studying 
collisions of LHC 
beams on nuclei at rest. 

[some references in the back-up] 



SMOG: LHCb in the space 
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[http://arxiv.org/abs/1504.04276] 

[LHCb-PUB-2016-011, https://cds.cern.ch/record/2145943/
files/LHCb-PUB-2016-011.pdf] 



B(s)µµ at LHCb: 2017 edition 
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B(s)µµ: strategy 
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B(s)µµ: strategy 
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( ) 



B(s)µµ: signal and background 
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B(s)µµ: muon isolation 
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B(s)µµ: multivariate classifier (BDT) 
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B(s)µµ: BDT calibration 
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B(s)µµ: background sources 
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B(s)µµ: interlude (mis-Identification) 
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O(10-5 - 10-6) 

O(10-4)  

O(10-4)  

O(10-4)  

Branching ratios of background channels: 



B(s)µµ: exclusive backgrounds 
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B(s)µµ: mass calibration 
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Bd mass Bs mass 



B(s)µµ: mass resolution 
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B(s)µµ: normalization 
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B(s)µµ: normalization 
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range 



B(s)µµ: branching ratio fit 
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B(s)µµ: fit (BDT>0.5) 
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[LHCb-PAPER-2017-001]  



B(s)µµ: fit 
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slices: [0.25-0.4] [0.4-0.5] [0.5-0.6] [0.6-1.0]  

[LHCb-PAPER-2017-001]  



B0µµ: upper limit 
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[LHCb-PAPER-2017-001]  



B(s)µµ: 2D likelihood profile 
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[LHCb-PAPER-2017-001]  



B(s)µµ: the story continues! 
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What next? 



Near and far future 
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LHCb 2017 results on CERN courier 
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And a large fraction of Run 2 data set has still to be analysed!  



Intriguing discrepancy wrt SM: RK* 
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[LHCb-PAPER-2017-013]  



Intriguing discrepancy wrt SM: RD(*) 
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What if ~ every collision is interesting? 
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Near and far future 
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The dark side: CODEX-b 
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[arXiv:1708.09395v1 [hep-ex]] 

Under study: construction of a new 
detector element at the LHCb 
experiment, designed to search for 
displaced decays of beyond standard 
model long-lived particles  

[COmpact Detector for EXotics at LHCb] 
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Summary  - LHCb found intriguing discrepancies wrt the 
SM. 

 - Completion of Run 2 data analysis can shed light 
on beyond SM physics (starting from B(s)µµ). 

 - Operations make the difference in physics 
outcome! 

 - LHCb is the first HEP experiment implementing 
a fully automatic tracking system alignment, PID 
calibration and track reconstruction in the online 
system. A working model for future experiments. 

 - Upgrade I: a challenge under many aspects (from 
detectors to DAQ) 

 - Many ideas and projects for potential further 
upgrades   

 - A lot of (scientific but not only) fun ahead! 
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Thanks! 
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Back up 



HLT1 
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Inclusive trigger: 
 Single and two tracks MVA selections (~100  kHz) 

Inclusive muon trigger: 
 Single and dimuon selections 
 Additional low pT track reconstruction (~40  kHz) 

Exclusive trigger: 
 Lifetime unbiased beauty and charm selections 
 Selections for alignment 

Low multiplicity trigger for central exclusive 
production analyses 

Run 1 trigger 

Run 1 trigger 

 [Int.J.M
od.Phys. A

30 (2015) 1530022] 



HLT2 
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12.5 kHz to tape 

Inclusive beauty selections: 
 - MVA based 2, 3, and 4 body detached vertices 
 - Dimuon selections 

Exclusive beauty selections: 
 E.g. B→ φφ, B→ γγ 

Charm selections 
 - Inclusive selection of D∗→(D0→ X)π+ 
 - Charmed baryons 
 - Final states with K0S 
 - 2,3,4,5-body final states 

Electroweak bosons 

Nearly 400 selections in total 

2011 

2015 

LHCb Preliminary 

[e.g. HLT2 efficiency for inclusive b trigger: 
B+ → D0π+ increased from ~75% to >90%]  

 [Int.J.M
od.Phys. A

30 (2015) 1530022] 



Tracking 
system 
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! 

[Performance of the LHCb Outer Tracker JINST 9 (2014) P01002] 
[Measurement of the track reconstruction efficiency at LHCb JINST 10 (2015) P02007] 

Tracker Turicensis (before the magnet): 4 plans of silicon µ-strip, 8 m2. 
Tracker (after the magnet) 
  Inner (close to beam pipe): 3 stations, 4 plans of silicon µ-strip, 4.2 m2. 
  Outer: 3 stations, 4 plans of straw tubes 
Momentum resolution Δp/p = 0.5%–1% (~0 GeV/c –200 GeV/c)  



Magnet 
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! 
Weight: 1600 t 
Power: 4200 kW 
Cooling water = 150.000 l/h 

Warm dipole magnet, bending power: 4 Tm 
 - Two triplets of magnets to compensate for its effect in LHC. 



RICH 

84 - Barbara Sciascia (INFN/LNF) - Bsmm at LHCb - Roma La Sapienza 12 December 2017 - 

! 

[Performance of the LHCb RICH detector Eur.Phys.J. C73 (2013) 2431] 

RICH1 (upstream of magnet): 2<p<40 GeV [C4F10] 
RICH2 (downstream of magnet): 15<p<100 GeV [CF10] 
Kaon ID ~95% with pion misID ~10% integrated over 2<p<100 GeV 



Calorimeter System 
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! 

e 

h

[LHCb Detector Performance Int.J.Mod.Phys. A30 (2015) 1530022] 

System of calorimeters to maximize γ/e and e/h separation 
ECAL, HCAL: scintillator + absorber material planes 
ΔE/E = 1 % ⨁10 %/√E (GeV) 
Used in the first level of the trigger [L0] 



Muon System 
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! 

muon 

[Performance of the Muon Identification at LHCb JINST 8 (2013) P10020] 
[Performance of the LHCb Muon system JINST 8 (2013) P02022 ] 

5 stations, each equipped with 276 multi-wire proportional chambers 
[different size]. Inner part of M1 equipped with 12 GEM detectors 
 µ identification ε(µ→µ) ~ 97 %, mis-ID ε(π→µ) ~ 1-3 % 
 Used in the first level of the trigger [L0] 
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Alignment 
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Alignments Run on the HLT-farm at the beginning of every fill; 

[Automatic update of constants] 
 - VELO alignment: Alignment of both halves for translations and rotations in x, y and z. 
 - Tracker alignment: Alignment of  TT, IT and OT for translations in x, rotations and 
translations in z (online) and translations and rotations in y (offline) 



Alignment 
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Alignments Run on the HLT-farm at the beginning of every fill; 

[Monitor only] 
 - RICH mirror alignment: Alignment of all individual mirrors for rotations around x and y. 



RICH 
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Is every part of the collision interesting? 
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We are bandwidth limited: increase statistics by reducing event sizes. 

Vary number of reconstructed objects and fraction of raw event according to analysis needs 

[SP = Selective Persistence] 



Turbo (SP, ++) 
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[Tesla : an application for real-time data analysis in High Energy Physics, 1604.05596v1] 



Real-time alignment and calibration: tasks 
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Calibration 
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Calibrations run on the monitoring histograms for ~every run: 
 - OT calibration: global time alignment of the OT wrt LHC clock 



Calibration 
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