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Perchè la luminosità
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Per ogni processo fisico con sezione d‘urto σ, il
rate di eventi R è proporzionale alla luminosità
istantanea L : µ = numero di collisioni pp inelastiche per bunch    

crossing
nb = numero di coppie di bunch collidenti
fr = frequenza di rivoluzione di LHC (11245 Hz)
sinel = sezione d’urto totale pp (~80 mb a 13 TeV)
e = accettanza e efficienza del rivelatore
µvis = numero medio di collisioni per bunch crossing 

rivelato
svis = sezione d’urto “visible” = costante di 

calibrazione

L = R
σ
=
µnb fr
σ inel

=
εµnb fr
εσ inel

=
µvisnb fr
σ vis

L

Misure di luminosità precise: 
• L istantanea → monitor online LHC/trigger: performance e operatitivà (lumi

levelling, monitoring del fascio…). Precisione richiesta: <3-5% 

• L integrata → analisi fisiche: misure di sezione d’urto, test SM, nuova fisica
(vincolare le incertezze PDF che limitano le teorie). Precisione richiesta: <1-2%



Monitor di luminosità di ATLAS per il Run 2
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Luminosity 
measurement using 
a Cherenkov 
Integrating Detector
(LUCID) 

- misure online e offline
- Algoritmi event/hit counting 
(zero-counting, basati su
statistica di Poisson)

Event counting

Misure online

Misure offline 

Hit counting

Hadronic
Cal. (TILE)

EM:
- Forward 
Calorimeter (FCAL)
- EndCap
Calorimeter (EMEC)

Algoritmi di conteggio di flusso di particelle

+ Z counting
(controllo su L relativa)

+ Track counting
(+ Vertex counting)

Run 2: LUCID sistema
primario per la misura online 
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Hadron Forward 
Calorimeter (HF)

HF

HFOC: hit counting
HFET: flusso di ET

Pixel Luminosity 
Telescope (PLT)

Hit counting 
(3-fold coinc.)

Fast Beam 
Condition Monitor 
(BCM1F)

Hit counting

Misure online Misure offline

Muon Drift Tubes (DT)

Conteggio di trigger 
di muoni

2015/2016 basato su: PCC
2017/2018 basato su: HFET 
(complementato con: PCC)

Silicon Pixel Detector

Pixel Cluster 
Counting (PCC)

IFAE 2019 – Napoli 8-10 Aprile

Monitor di luminosità di CMS per il Run 2



L =
nb frnp1np2
2πΣxΣy

Calibrazione assoluta: vdM scan

Ø μvis in funzione delle separazione del fascio δx(y)

Ø Luminosità tramite parametri del fascio

Ø Sezione d’urto visibile calibrata per ogni
rivelatore/algoritmo

Ø Assunzione: funzione densità di probabilità protoni
fattorizzabile

L (�x, �y) = fx (�x) fy (�y)

⌃x

µvispeak

σ vis =
R
L
=
µ frnb
L

= µvis
peak 2πΣxΣy

np1np2

Larghezza dei fasci (da fit 
sulla curva di scan)
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Incertezze dominanti sulla calibrazione vdM
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CMS-PAS-LUM-17-004
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ATLAS CMS ATLAS CMS
2017 2017 2018 (preliminary) 2018

Non fattorizzabilità 0.2 ± 0.2% 0.8 ± 0.8% 0.3 ± 0.5% ongoing
Riproducibilità scan per scan ± 1.2 % ± 0.9 % ±0.6% ongoing
Calibration transfer ±1.3% ±1.5% ±1.3% ongoing

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/LUMI-2017-001/



Stabilità durante l’anno
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CMS-PAS-LUM-17-004

Ra
tio

 H
FE

T/
PC

C

σsyst = 0.5%
(RMS)

σsyst=1.3%
(envelope)

Ø ATLAS: confronto fra luminometri attivi durante la presa dati, incluso Z-counting 
(non usato per valutare l’incertezza) e Track-counting
2017: ±1.3%; 2018: ±0.8% (preliminary) 

Ø CMS: RMS del rapporto HFET/PCC (99.4% della luminosità nel 2017) 
2017: ±0.5%; 2018: ongoing

IFAE 2019 – Napoli 8-10 Aprile

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS
/PLOTS/LUMI-2017-001/



Incertezza sistematica totale

ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS

Running 
period

2012
pp

2012
pp

2015
pp

2015
pp

2016
pp

2016
pp

2017
pp

2017
pp

2018
pp

2018
pp

√s [TeV] 8 8 13 13 13 13 13 13 13 13

σL /L [%] 1.9 2.6 2.1 2.3 2.2 2.5 2.4 2.3 2.0 ongoing
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ATLAS Ref: https://twiki.cern.ch/twiki/bin/viewauth/Atlas/LuminosityForPhysics CMS Ref: CMS-PAS-LUM-17-004/17-004/15-001/13-001
IFAE 2019 – Napoli 8-10 Aprile

ATLAS: incertezza sistematica finale combinata per il Run 2:
• Incertezze non correlate: analisi vdM, stabilità a lungo termine….
• Incertezze correlate: calibration transfer…

Preliminary

Prelim
inary



HL-LHC: ATLAS upgrade 
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Ø Misura direttamente proporzionale alla 
luminosità: LUCID

• PMT saturati ad alto ! sostituiti con fibre di 
quarzo, readout lontano da zona 
radiattiva

Ø Misura luminosità bunch-per-bunch: BCM’  
• stazioni di diamanti con 3 sensori 

indipendenti per luminosità, fondo e  
sistema di aborto del fascio

Ø Timing: High Granularity Timing Detector 
• separazione spaziale dei vertici ad alto !

tramite informazione temporale: "#= 30 ps. 
• Low-Gain Avalanche Detector (LGAD)
• Linearità fra numero hit nel detector e 

numero di interazioni per bunch crossing 
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HL-LHC: CMS upgrade
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Approccio multi detector 
(difficoltà nel dividere effetti di non 
linearità con solo due rivelatori) 
Ø Inner Tracker endcap (TEPX): 

indipendente dal readout di CMS
Ø Drift Tube (DT): bassa occupanza
→ misure bunch per bunch

Ø VeloPix: Monitor di luminosità 
dedicato indipendente altamente 
resistente a danni da radiazioni

Ø Timing Detector: separazione
spaziale dei vertici ad alto "
tramite precisa informazione
temporale: #$= 30-50 ps/traccia. 

https://indico.cern.ch/event/697164/contributions/2987411/attach
ments/1647549/2633730/CMSLuminosity-FCALWorkshop.pdf

https://indico.cern.ch/event/697164/contributions/2987411/attachments/1647549/2633730/CMSLuminosity-FCALWorkshop.pdf


Conclusioni
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vLuminosità parametro chiave per analisi di fisica ma misura
complicata negli acceleratori adronici

vRidondanza di luminometri cruciale per studio delle prestazioni e 
valutazione delle sistematiche: tipica incertezza sistematica totale
~2%!

vMisura della luminosità a LHC durante Run 1 e Run 2 ottenuta con 
precisione finale tale da permettere test di precisione sullo
Standard Model e ricerche di nuova fisica.

vProspettive future (LHC Fase II): studi in corso su upgrade dei
luminometri per nuove condizioni di LHC.

IFAE 2019 – Napoli 8-10 Aprile



Back up

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 13



Emittance scan

Sara Valentinetti 14

Ø Brevi scan vdM all’inizio e alla fine di ogni
fill di LHC
• Fasci separati in X e Y per 7/9 steps di 

10s/punto
• Livello di precisione inferiore rispetto vdM:

• intervallo di scan limitato (non sensibile
alle code)

• possibli effetti di non fattorizzabilità
(modo di produzione del fascio
differente)

• effetti di dinamica del fascio
• Utili per misure di luminosità relativa

Ø Controllo online effetti di linearità e stabilità:
• LHC: diagnostica e controllo delle

prestazioni;
• CMS (2017) e ATLAS (2018): controllo online 

dei luminometri.
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Luminosity algorithms

• Event- (or zero-) counting algorithms:
– Based on Poisson statistics: count of events with at least one hit

– If μ too large à “zero starvation” or “saturation”

• Hit-counting algorithms:
– Count of total hits in a given BX
– based on Poisson statistics but saturation at higher μ

• Track- (& vertex-) counting algorithms:
– conceptually similar to hit-counting. Examples: ATLAS.

• Particle-counting algorithms (summed over all bunches)
– Examples in ATLAS: current in hadronic-calorimeter photomultipliers or charge 

measurements (LUCID).

POR =
NOR
Norbits

=1− e−µεOR ⇒ µ = −ln(1−
NOR
Norbits

)

Now:  ATLAS: # LUCID hits. CMS: # pixel clusters.

Sara Valentinetti 15
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Lumi
from

Detector type Data flow Name Lumi Algo

ATLAS P-CVD diamond pads Bunch-by-bunch 
(bbb)

BCM Event counting

Quartz Cherenkov tubes bbb LUCID Event counting
Hit counting

Si strip + pixel tracker: #vertices bbb “Vtx” Vtx counting

Si strip + pixel tracker: #tracks bbb “Trks” Trks counting

Fwd LAr / E.M. EndCap calo: 
gap currents

Bunch-averaged
(ba)

FCal Particle flux

TILE calorimeter ba TILE Particle flux

Pixelated radiation monitor ba TPX Hit counting

CMS Pixel trk: #clusters bbb PCC Hit counting

Fwd Fe/quartz calo bbb HFET E_T flow (analog)

Fwd Fe/quartz calo. bbb HFOC Hit counting

Pixel telescope bbb PLT Hit counting (3-fold coinc)

Fast Beam Conditions Monitor bbb BCM1f Trk segment counting

Muon drift tube ba DT Hit counting



ATLAS/CMS luminosity ratio

16

q Significant (~ 10%) ATLAS-CMS L difference across 2016

vLargest contribution:  emittancex > emittancey , coupled with                                             
horizontal (x) crossing in CMS vs. vertical (y) crossing in ATLAS

vAnalysis complicated by residual μ- or time-dependence of reported L, that 
could be different in the two experiments

Ømost trusted offline algorithms: track-cntg (ATLAS), pixel-cluster cntg (CMS)
à dedicated experiment: crossing-angle scan

1 Mar 2018
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Vdm Scan calibration: difficulties

Central role of beam dynamics -> two beam-beam effects: 
1) beam-beam deflection: if bunches not exactly centred è angular kick due 

to e.m repulsion; 
2) dynamic β: mutual (de)focusing of the two colliding bunches;
Effect: < 0.5% PbPb, 1 - 2% for 7/8/13 TeV pp and around 4% for 5 TeV pp.

Scan curve distorted by interactions of the two beams during a scan.
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• Single beam profiles are parameterised by fitting the beam-separation 
dependence of the luminosity & of the beamspot displacement and width 
during a vdM scan.                                                                                    
This allows to:
➜ estimate the true 

luminosity (i.e. unbiased by 
non-factorisation effects)

➜ estimate correction for
non-factorisation, R, with an
associated uncertainty

• The [ATLAS/ALICE] procedure above is closely related                                          
to the “beam-beam imaging” scans [pioneered by                                                  
LHCb & now established method in CMS] in which one 
beam is scanned transversely as a probe across the                                

other.

Non-factorisation correction procedure
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Non-factorization correction: beam-beam imaging

• Principle: use one beam (~ wire) to probe the other
– keep witness beam (B1) stationary; scan probe beam 

(B2) across it in x, then in y; repeat with B1 ßà B2
• measure 2-d distribution of reco’d evt vertices at each step:

Nvtx(x, y) ={rwitness (x,y) x  rprobe (x,y)}  (X)  Rvtx position (x,y) 
(see ArXiv_1603.0356 [hep-ex])

– extract single-beam parameters of B1 & B2 from fit to 
2-d vertex distributions in the 4 scans (B1/ B2, x/y)

– closely related to the ATLAS & ALICE luminous-region 
evolution method (but uses only transverse info, not L/z) 
• common key issue: vertex-position resolution Rvtx position

• pros & cons of the 2 approaches to be clarified

Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 20



Non-factorization correction: beam-beam imaging 

Example of pull distributions of the fitted single-beam model of the single-gaussian
(factorizable, left) and double-gaussian (non-factorizable, right) type to the vertex distribution 

accumulated during scan Y3 of bunch pair1631.
(Caption adapted from Fig. 11 of CMS-PAS-LUM-2015-001)

Pull distribution to cumulative event-vertex distributions for 2 single-beam 
models:

factorizable non-factorizable

Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 21



Incertezze dominanti sulla calibrazione vdM

Sara Valentinetti 22
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Correzioni per effetti di non-fattorizzabilità
§ dipendenza della luminosità verticale dalla

separazione orizzontale e viceversa
§ Correzione analisi vdM scan sotto 

assunzione di fattorizzabilità
§ CMS    2017: 0.8 ± 0.8%

2018: ongoing
§ ATLAS  2017 0.2 ± 0.2%

2018 0.3 ± 0.5%

Riproducibilità calibrazione nei diversi scans:
§ CMS    2017: ± 0.9 %

2018: ongoing
§ ATLAS  2017 ±1.2%, 

2018 ±0.6% 

NB: differenti strategie di valutazione delle sistematiche
tra ATLAS e CMS → difficile confronto diretto
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Calibration transfer: dal vdM alla fisica

Sara Valentinetti 23

Ø ATLAS:
§ Correzione non linearità tramite

tracciatore
§ LUCID @ µ = 50 

2017: - 9.1%; 2018: - 8.9% 
§ Incertezza sistematica dal confronto con 

calorimetri
2017: ±1.3%; 2018: ±1.3%

Non linearità nella risposta da vdM scan (bassa L, basso µ, pochi bunch 
distanziati) a fisica (alta L, alto µ, più di 2000 bunches ogni 25 ns)
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ATLAS Ref.: 
https://twiki.cern.ch/twiki/bin/viewa
uth/Atlas/LuminosityForPhysics
CMS Ref.: CMS-PAS-LUM-17-004

Ø CMS: 
§ Correzione non linearità tramite analisi degli scan 

in emittanza
§ HFET @ µ = 50 nel 2017: 1.5 %

§ Incertezza sistematica dal metodo dei residui sul
confronto fra luminometri
2017: ±1.5%; 2018: ongoing

IFAE 2019 – Napoli 8-10 Aprile

https://twiki.cern.ch/twiki/bin/viewauth/Atlas/LuminosityForPhysics


ATLAS: Non factorization evidence

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 27

http://atlas.web.cern.ch/Atlas/GRO
UPS/PHYSICS/PLOTS/LUMI-2017-
001/
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ATLAS: Calibration transfer

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 25

http://atlas.web.cern.ch/Atlas/GRO
UPS/PHYSICS/PLOTS/LUMI-2017-
001/



CMS: Non factorization evidence

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 26
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CMS: summary of 2017 uncertainties

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 25
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ATLAS reference luminometer: LUCID-
2

17 meters from IP – 13 
cm from beam-line

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 19
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ATLAS Luminosity performance summary

Year c.m. 
energy
(TeV)

Mu
max

L_max
(1033

cm-2s-1)

L_int 
(fb-1)

NBCID Dt 
(ns)

Tot Sys 
Unc.
(%)

vdM
Sys. Unc.

(%)

Reference
Detector
(online &
offline)

2010 7 5 0.2 0.047 348 150 3.5 3.4 LUCID-I

2011 7 20 3.6 5.5 1331 50 1.8 1.5 BCM

2012 8 40 7.7 22.7 1368 50 1.9 1.2 BCM

2015 13 28 5 4.2 2232 25 2.1 1.7 LUCID-2

2016 13 45 14 38.5 2208 25 2.2 1.2 LUCID-2

2017 13 80 20 40 2544 25 2.4 1.5 LUCID-2

Year c.m.
energy
(TeV)

β* (m) L_Inst 
(1030c-2s-1)

L_Int (μb-1) Tot Sys 
Unc.
(%)

vdM
Sys. 

Unc.(%)

Reference
detector

2011 7 90 5*10-3 80 2.3 1.5 BCM

2012 8 90 5*10-2 500 1.5 1.2 BCM

2012 8 1000 0.8*10-3 22 1.4 1.2 LUCID



CMS: PLT

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 21
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CMS: BCM1F

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 22

EYETS 16/17

Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 31



CMS: PCC

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 23
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CMS: HF

Sara Valentinetti LHCP 2018 – Bologna 4-9 June 24
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Upgrade per HL-LHC

Sara Valentinetti 34IFAE 2019 – Napoli 8-10 Aprile

Prestazioni attese HL-LHC: 
• Energia nel centro di massa: √s = 14 TeV
• L istantanea = 5.0 × 1034 cm-2 s-1

• L integrata = 3000 fb-1

• Numero medio interazioni per bunch crossing: 
<μ>=200 

Difficoltà tecniche: 
• Alto flusso di particelle, alto trigger rate 

Ø nuovo sistema di trigger   
• Alta occupanza rivelatori

Ø Limitazioni readout 
Ø Complessità di ricostruzione evento

• Aumento della fluenza vicino alla beam pipe 
fino a 1016 neq /cm-2

Ø danni da radiazione
Ø attivazione dei materiali https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

UpgradeEventDisplays



HL-LHC: ATLAS 
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HL-LHC: ATLAS 
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HL-LHC: ATLAS from CMS experience 

Sara Valentinetti 32

CMS: special 
read out of 
Inner Tracker
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Luminosity measurement with HGTD

q Exploit correlation between the number of hits 
in the detector and the number of interactions 
per bunch crossing 

q The number of multi-hits in a single pixel is 
expected to be negligible (especially in the 
outer part of the detector 2.4<|h|<3.1)  

q The after-glow can be suppressed comparing 
the number of hits during a bunch crossing 
with the number of hits after a bunch crossing 

4/5/19 HGTD Luminosity measurement

q HGTD will allow unbiased high-statistics per-BCID 
luminosity measurements integrating all the hits in a 
period of 1s. 

q A statistical precision of 0.14% for a run with an 
average number of simultaneous p-p interactions 
<μ>=1 and down to 0.01% for a run with< μ>=200 
is possible.

q Better precision could also be achieved through a 
longer averaging time.

Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 38



HL-LHC: ATLAS BCM’

Sara Valentinetti 32Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 39

Reasons:
Ø handle on the background activity in the tracker, with the aim of aborting 

LHC beams when danger levels approached. 
• online bunch-by-bunch luminosity measurement at 1% precision.
Run 2 problematics: 
Ø Current BCM provided by two systems:

• fast BCM: both as a bunch-by-bunch abort and luminosity device. 
• Beam Loss Monitoring (BLM): diamond sensor integrating the charge 

over a minimum of 40μs. 
Ø two functionalities provided by a resistive splitting of the very fast signal -> 

non-optimal performance on both tasks:
• For luminosity: the speed results in degraded S/N, so signal amplitude 

variations induce efficiency drift. 
• For abort beam: luminosity requires single MIP sensitivity but this limits 

the level of the abort threshold settings, making them hard to justify, 
especially with only a few circulating bunches in the machine ,when the 
slow BLM’s fail to show any activity



HL-LHC: ATLAS BCM’

Sara Valentinetti 32Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 40

• stations with 3 fully separate devices (pCVD diamond pad sensors): luminosity, fast 
and slow abort. The 1 cm2 diamond sensors of luminosity and abort devices are 
divided into7 pads of decreasing sizes from 32 to 1 mm2to effectively cover the 
foreseen dynamic range. The time-of-flight flagging of beam induced background 
used in the current BCM is kept. Background-induced showers originating upstream 
provoke signals early by2z/c≈12.5 ns (for the 1.9 m “golden” z location) in 4 stations 
on the upstream side with respect to the signal 
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HL-LHC: CMS 
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https://indico.cern.ch/event/697164/contributions/2987411/attachments/1647549/2633730/CMSLuminosity-FCALWorkshop.pdf


HL-LHC: CMS 
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HL-LHC: CMS 

Sara Valentinetti IFAE 2019 – Napoli 8-10 Aprile 42



HL-LHC: CMS 
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ATLAS Z-counting

The invariant mass distribution of the muon pairs of the 240,000 Z ->mumu boson events 
selecting two muons with pT> 27  GeV, pseudorapidity < 2.4  and 66 < m(mumu) < 116  GeV. 
The statistical errors are smaller than the symbol size.
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ATLAS Z-counting
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ATLAS Z-counting
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ATLAS/CMS Z-counting ratio

https://lpc.web.cern.ch/cgi-bin/plots.py

Preliminary
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ATLAS: sistematica finale Run 2

https://twiki.cern.ch/twiki/bin/view/Atlas/LuminosityForPhysics
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