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 Bose-Einstein correlations (BEC) represent a unique probe of the 
space-time geometry of the hadronization region and allow the 
determination the size and shape of the source from which particles 
are emitted.  

 

 Studies of the dependence of  BEC on particle multiplicity and 
transverse momentum are of special interest.  They help in the 
understanding of multiparticle production mechanisms. 

  

 High-multiplicity data in proton interactions can serve as a reference 
for studies in nucleus-nucleus  collisions. The effect is reproduced in 
hydrodynamical and Pomeron-based approaches for hadronic 
interactions where high multiplicities play a crucial role.  

Motivation for Bose-Einstein Correlations 
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Bose-Einstein Correlations and Hanbury Brown –Twiss Interferometry 

Intensity interferometry of photons in radio-astronomy:  

 measures angular diameter of two stars, so the physical size of the source 

dAB = λ/θ 

λ is the wavelength of the light, θ = d12/L 

L 

I1(2) - intensities,  <x> - averaging over random phases 

Bose-Einstein correlations (BEC) are often considered to be the analogue of the 

Robert Hanbury Brown and Richard Twiss (HBT) effect in astronomy,  

describing the interference of incoherently-emitted identical bosons  
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Varying dAB one learns 

the angle, and using the 

individual wave vectors, 

the physical size of the 

source 

Roy Jay Glauber - awarded in 2005 Nobel Prize in Physics  

"for his contribution to the quantum theory of optical coherence"   
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Bose-Einstein Correlations 
Correlations in phase space between two identical bosons from symmetry of wave functions. 

► Enhances likelihood of two particles close in phase space 

► Allows one to ‘probe’ the source of the bosons in size and shape 

► Dependence on particle multiplicity and transverse momentum probes  

     the production mechanism 

Correlation function C2(Q) a ratio of  probabilities:    

C0 is a normalisation, ε accounts for long range effects, R is the 

effective radius parameter of the source, λ is the strength of 

the effect parameter, 0/1 for coherent/chaotic source.  

Two possible parameterisation: Gaussian and Exponential.  
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The studies are carried out using the double ratio correlation function. The R2(Q) 

eliminates problems with energy-momentum conservation, topology, resonances, hadronic 

jets, mini-jets etc.  MC without BEC. 
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HBT method 



Subdetector  Operational  

Fraction  

AFP  93.8%  

ALFA  99.9%  

CSC Cathode Strip 

Chambers  

95.3%  

Forward LAr Calorimeter  99.7%  

Hadronic End-Cap Lar Cal 99.5%  

LAr EM Calorimeter  100 %  

LVL1 Calo Trigger  99.9%  

LVL1 Muon RPC Trigger  99.8%  

LVL1 Muon TGC Trigger  99.9%  

MDT Muon Drift Tubes  99.7%  

Pixels  97.8%  

RPC Barrel Muon 

Chambers  

94.4%  

SCT Silicon Strips  98.7%  

TGC End-Cap Muon Cha  99.5%  

Tile Calorimeter  99.2%  

TRT Transit Rad Tracker  97.2%  

A Toroidal LHC ApparatuS (ATLAS) 
Air-core Muon spectrometer  

(µ Trigger/tracking and Toroid Magnets) 

Precision Tracking: 

MDT (Monitored Drift Tubes) 

CSC (Cathode Strip Chambers) |η| >2.4 

Trigger: 

RPC (Resistive Plate Chamber) barrel 

TGC (Thin Gas Chamber) endcap 

Two Level Trigger 

system 

L1 hardware: 100 

kHz, 2.5 µs latency 

HLT farm: merge 

the former L2 and  

Event Filter 1.5 

kHz, 0.2 s latency 

Longitudinally segmented Calorimeter:  

EM and Hadronic energy 

LiquidAr EM barrel and End-cap & Hadronic End-cap 

Tile calorimeter (Fe-scintillator) Hadronic barrel 

Inner Detector (ID) Tracking in 2T Solenoid Magnet 

Silicon Pixels 50x400 µm2 

Silicon Strips (SCT) 40 µm rad stereo strips 

TransitionRadiation Tracker (TRT) ≤36 points/track 
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7 000 tons 

46 m 

25 m 
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=0;table=1;up=1
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Inner Detectors (ID) 

ATLAS tracking 

detectors:  

Pixels, SCT & TRT 

 New innermost 4-th layer for the 

Pixel detector  

    [IBL = Insertable B-Layer] 

 Required complete removal of the 

ATLAS Pixel volume 

 IBL fully operational 

New Be beam pipe  
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The focus of ATLAS is high-pT physics and provides a window onto important softer QCD processes.   

These have intrinsic interest but also the searches for new physics. 

►  Charged-particle distributions at √s=13 TeV in pp interactions  

►  Charged-particle distributions sensitive to the underlying event  

     in pp collisions at √s=13 TeV 

Two times better tracks impact parameters resolution at 

13 TeV! 6 



24 independent wedge-shaped plastic scintillators (12 per side) read out by PMTs,  

2.08<|η|<3.86 

 Designed for triggering on min bias events, >99% efficiency 

 MBTS timing used to veto halo and beam gas events 

 Also being used as gap trigger for various diffractive subjects 

Pseudorapidity is 

defined as  

η = -½ln(tan (θ/2))  

θ is the polar angle 

with respect to the 

beam.   

Minimum Bias Trigger Scintillator   
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2.08<|η|<2.76 

2.76<|η|<3.86 
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   Minimum-bias and High multiplicity track triggers   
 For these analysis the events collected with Minimum-bias (MB) trigger named 

as HLT_noalg_mb_L1MBTS _1 are used.  

This trigger required at least one hit in one of the 12+12 sectors (A and C 

sides) of the MBTS detector. 

 Integral Luminosity ∼151 µb−1;  Statistic: 9.6×106 events with 2.4×108 tracks 

 For these analysis the events collected with High multiplicity track (HMT) 

trigger named as HLT_mb_sp900_trk60_hmt_L1MBTS_1_1 are used. 

HMT events were collected at 13 TeV using a dedicated HMT trigger: 

requires more than 900 SCT space-points,  

more than 60 reconstructed good quality charged tracks with 

pT>0.4 GeV associated with the primary vertex. 

 Integral Luminosity ∼8.4 nb−1;  Statistic: 9.1×106 events with 9.8×108 tracks 



Thank you very much  for 
attention! 

 

319 reconstructed charged-particles! 

Example of Very-High-multiplicity  event 
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319 reconstructed charged-particles 
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Example of Very-High-multiplicity  event 



1. Absence of Bose-Einstein correlations 

Crucial feature for Reference sample  
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5. Absence of additional dynamical correlations due to resonances 

of long-lived particle decays (η, ω, ρ, …) 
 

4. Absence of additional dynamical correlations due to Jets  

2. Presence of correlations due to energy-momentum and charge 

conservation 

3. Presence of correlations due to the topology and the global 

properties of the events 

 In the analysis used the reference sample: UCP pair combinations in an event 

 UCP method satisfies Conditions 1 – 3, but not Condition 5 (regions were excluded)   

 R2(Q) correlation functions satisfy Conditions 4 and  5 

 For OHP reference samples there are problems with Conditions 2 – 4  



31/08/2023 Yuri Kulchitsky, JINR & IP NASB 12 

    Comparison of two-particle correlation functions  UCP/OHP 

OHP UCP 

Comparison of single-ratio two-particle correlation functions, 𝐶2
data(Q) and 𝐶2

MC(Q), with two-

particle double-ratio correlation function, R2(Q), for the HMT events using  

(a) the OHP like-charge particles pairs reference sample for 𝑘T-interval 1.0 < 𝑘T ≤ 1.5 GeV;  

(b) the UCP pairs reference sample for 𝑘T-interval 1.0 < 𝑘T ≤ 1.5 GeV.  

(a) (b) 
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Systematic 
Systematic uncertainties (in percent) in the correlation strength, 𝜆, and source radius, 𝑅,  for 

the exponential fit of the two-particle double-ratio correlation functions, R2(Q), for 𝑝T>100 

MeV at √𝑠 = 13 TeV for the MB and HMT events 
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SYSTEMATIC: Comparison of MC BEC results 

(a) (b) (c) 

(d) 
 The BEC parameters 𝜆 and 𝑅 as a function of 𝑛ch and 𝑘T using different 

MC generators in the calculation of R2(Q). (a) 𝑅  versus 𝑛ch for MB 

events, (b) 𝑅  versus 𝑛ch for HMT events, (c) 𝑅  versus 𝑘T for MB events 

and (d) 𝜆  versus 𝑘T for MB events. The uncertainties shown are 

statistical.  

 The lower panel of each plot shows the ratio of the BEC parameters 

obtained using EPOS LHC, Pythia 8 Monash and Herwig++ UE-EE-5 

compared with the parameters obtained using Pythia 8 A2.   14 
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 The R2(Q) for 𝑝𝑝 collisions for track 𝑝T>100 MeV at 13 TeV in the multiplicity intervals  

 (a) 71≤𝑛ch<80 for the MB,  

 (b) 231≤𝑛ch<300 for the HMT events.  
 The region excluded from the fits is shown.  

 The difference between the R2(Q) and the result of the exponential fit normalized to the experimental uncertainty, 

ΔR2(Q)/𝜎(𝑄), is presented.  

15 

The two-particle double-ratio correlation function 

(a) (b) 



The average primary charged-particle 

multiplicity in pp interactions per unit of 

pseudorapidity η for |η|<0.2 as a function of 

the centre-of-mass energy √s. The results 

have been extrapolated to include charged 

strange baryons (charged particles with a 

mean lifetime of 30<τ<300 ps). The data are 

shown as black triangles with vertical errors 

bars representing the total uncertainty. They 

are compared to various MC predictions 

which are shown as coloured  lines.  
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Average Charged-particle multiplicities vs Energy 

13 TeV 7 TeV 0.9 TeV 
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BEC parameters vs multiplicity 

 The dependence of the 𝜆(𝑚ch) on rescaled multiplicity 

obtained from the exponential fit of the 𝑅2(𝑄) correlation 

functions for tracks with 𝑝T>100 MeV and 𝑝T>500 MeV 

at √𝑠=13 TeV for the MB and HMT data.  

 The dependence of the 𝑅(𝑚ch) on 𝑚ch
 and (c) on 𝑚ch

0.33. 
 The uncertainties represent the sum in quadrature of the statistical 

and asymmetric systematic contributions.  

(a) (b) 

(c) 
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Fit results of Multiplicity dependence of BEC parameters 
The results of the fits to the dependencies of the correlation strength, 𝜆, and source radius, 𝑅, on 

the average rescaled charged-particle multiplicity, 𝑚ch, for |𝜂|<2.5 and both 𝑝T>100 MeV and 𝑝

T>500 MeV at √𝑠 = 13 TeV for the MB and the HMT events. The parameters 𝛾 and 𝛿  resulting 

from a joint fit to the MB and HMT data are presented. The total uncertainties are shown.  
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 Comparison of 𝐶2
data(𝑄) correlation functions with the UCP pair reference sample for MB events (top panel) at 

13 TeV (black) and 7 TeV (open blue), and the ratio of 𝐶2
7 TeV(𝑄) to 𝐶2

13 TeV(𝑄) (bottom panel) are presented. 

 Comparison of 𝐶2
data(𝑄)  

 (a) for representative multiplicity region 3.09<𝑚ch≤3.86 and  

 (b) for representative 𝑘T region 400<𝑘T≤500 MeV.  

Comparison of C2(Q) at 7 and 13 teV 

(a) (b) 

19 
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kT dependence of BEC parameters 
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 The 𝑘T dependence of (a) the correlation strength, 𝜆(𝑘T), and (b) the source radius, 𝑅(𝑘T), 

obtained from the exponential fit to the 𝑅2(𝑄) correlation functions for tracks with 𝑝T>100 

MeV and 𝑝T>500 MeV at √𝑠=13 TeV for the MB and HMT events.  

 The uncertainties represent the sum in quadrature of the statistical and systematic contributions. 

 The curves represent the exponential fits to 𝜆(𝑘T) & 𝑅(𝑘T).  

(a) (b) 
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Fit parameters of kT dependence of BEC parameters 

The results of the fits to the dependencies of the correlation strength, 𝜆, and source 

radius, 𝑅, on the pair average transverse momentum, 𝑘T, for various functional 

forms and for MB and HMT events for 𝑝T>100 MeV and 𝑝T>500 MeV at 13 TeV. 
The total uncertainties are shown.  



31/08/2023 Yuri Kulchitsky, JINR & IP NASB 22 

2-Dimensional BEC parameters 
The two-dimensional 

surfaces for 𝑝T>100 MeV 

& 𝑝T>500 MeV for  

 (a) & (c) the correlation 

strength, 𝜆, and  

 (b) & (d) the source 

radius, 𝑅,  

obtained from the 

exponential fit to the  

𝑅2(𝑄) correlation functions 

using the MB sample for 

𝑚ch≤3.08 and  the HMT 

sample for 𝑚ch>3.08.  

 

(a) (b) 

(c) (d) 



Multiplicity and kT Dependences of BEC λ-parameters for pT>100 MeV 
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The 𝜆 for 𝑝T>100 MeV:  

(a) as a function of 𝑘T in 

selected low 𝑚ch intervals, 

(b) as a function of 𝑘T in 

selected high 𝑚ch intervals, 

(c) as a function of 𝑚ch in 𝑘T 

intervals between 0.1 and 

0.5 GeV, (d) as a function of 

𝑚ch in 𝑘T intervals between 

0.5 and 1.5 GeV.  
 

The error bars and boxes represent the 

statistical and systematic contributions, 

respectively.  

(a) (b) 

(c) 

(d) 



The R for 𝑝T>100 MeV:  

(a) as a function of 𝑘T in 

selected low 𝑚ch intervals, 

(b) as a function of 𝑘T in 

selected high 𝑚ch intervals, 

(c) as a function of 𝑚ch in 𝑘

T intervals between 0.1 and 

0.5 GeV, (d) as a function of 

𝑚ch in 𝑘T intervals between 

0.5 and 1.5 GeV.  

 
The error bars and boxes represent the 

statistical and systematic contributions, 

respectively.  

Multiplicity and kT Dependences of BEC R-parameters for pT>100 MeV 
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(a) (b) 

(c) 
(d) 



Multiplicity and kT Dependences of BEC λ-parameters for pT>500 MeV 
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The 𝜆 for 𝑝T>500 MeV:  

(a) as a function of 𝑘T in selected low 𝑚ch intervals, 

(b) as a function of 𝑘T in selected high 𝑚ch intervals, 

(c) as a function of 𝑚ch in 𝑘T intervals between 0.5 

and 1.5 GeV.  
The error bars and boxes represent the statistical and 

systematic contributions, respectively.  

(a) (b) 

(c) 



Multiplicity and kT Dependences of BEC R-parameters for pT>500 MeV 
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The R for 𝑝T>500 MeV:  

(a) as a function of 𝑘T in selected low 𝑚ch intervals, 

(b) as a function of 𝑘T in selected high 𝑚ch intervals, 

(c) as a function of 𝑚ch in 𝑘T intervals between 0.5 

and 1.5 GeV.  
The error bars and boxes represent the statistical and 

systematic contributions, respectively.  

(a) (b) 

(c) 
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R <mch> dependence  for  kT fits with pT>100 &500 MeV 

R(mch) = β 

(a) (b) 

The parameters (a) 𝜉 and (b) 𝜅, describing the dependence of the source radius, 𝑅, on charged-particle scaled 

multiplicity, 𝑚ch, for track 𝑝T>100 MeV and track 𝑝T>500 MeV in the MB and HMT samples at √𝑠 =13 TeV.  

The error bars and boxes represent the statistical and systematic contributions, respectively.  

(a) The black solid and blue dashed curves represent the saturated value of the parameter 𝜉  for 𝑚ch>3.0 for tracks 

with 𝑝T>100 MeV and for 𝑚ch>2.8 for tracks with 𝑝T>500 MeV, respectively.  

(b) (b) The black solid and blue dashed curves represent the exponential fit to the parameter 𝜅 for tracks with 𝑝T>100 

MeV and for tracks with 𝑝T>500 MeV, respectively.  
27 
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Lambda <Mch> dependence  for  kT fits with pT>100 &500 MeV 

µ(pT>500 MeV) > µ(pT>100 MeV)  

agreement in error bars 
ν(pT>500 MeV) ≈ ν(pT>100 MeV)  

The fit parameters (a) 𝜇 and (b) 𝜈 describing the dependence of the correlation strength, 𝜆, on 

charged-particle scaled multiplicity for track 𝑝T>100 MeV and track 𝑝T>500 MeV in the MB 

and HMT samples at √𝑠=13 TeV.  
The error bars and boxes represent the statistical and systematic contributions, respectively.  

The black solid (blue dashed) curve represents the exponential fit of the dependence of parameter 

𝜇 (𝜈) on 𝑚ch for tracks with 𝑝T>100 MeV (𝑝T>500 MeV).  

(a) (b) 



 The ATLAS results for |𝜂|<2.5 and 𝑝T>100 MeV for the source radius 𝑅 as a function of  

(a) 𝑛ch and (b) 𝑛ch
0.33 in 𝑝𝑝 interactions at 13 TeV.  

 The CMS results (circles) for |𝜂|<2.4 and rescaled to 𝑝T>100 MeV.  
 The ATLAS uncertainties are the sum in quadrature of the statistical and asymmetric systematic uncertainties.  

 For CMS, only the systematic uncertainties are shown since the statistical uncertainties are smaller than the marker 

size.  
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        ATLAS & CMS BEC results Comparison: 𝑛ch  

(a) (b) 

JHEP03 (2020) 014 

arXiv: 1910.08815  
Eur. Phys. J. C 82 (2022) 7, 608 

arXiv: 2202.02218 
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ATLAS & CMS BEC results Comparison: kT 
Eur. Phys. J. C 82 (2022) 7, 608 

arXiv: 2202.02218 
JHEP03 (2020) 014 

arXiv: 1910.08815  

 ATLAS: The 𝑘T dependence of the 

correlation strength, 𝜆(𝑘T), and the 

source radius, 𝑅(𝑘T), obtained from 

the exponential fit to the 𝑅2(𝑄) 

correlation functions for events with 

multiplicity 𝑛ch ≥ 2 and transfer 

momentum of tracks with 𝑝T>100 

MeV at 13 TeV for the minimum-

bias (MB) and high-multiplicity 

track (HMT) events.  

 The uncertainties represent the sum 

in quadrature of the statistical & 

systematic contributions.  

 The curves represent the exponential 

fits to 𝜆(𝑘T) and 𝑅(𝑘T). 

 CMS: Results for Rinv  and 𝜆 from 

the three methods as a function of  kT 

 In the lower plots, statistical & 

systematic uncertainties are shown as 

error bars and open boxes, 

respectively 

pT> 200 MeV 

|η|<2.4 

pT> 200 MeV 

|η|<2.4 



The two-particle BEC of like-charge hadrons with track 𝑝T-thresholds of 100 and 500 MeV and 

|𝜂|<2.5 produced in 𝑝𝑝 collisions at √𝑠=13 TeV recorded by the ATLAS detector at the LHC are 

presented. The study is carried out using data collected with the MB and HMT triggers.  

The BEC parameters, 𝑅 and 𝜆, are studied as functions of a scaled charged-particle multiplicity 

𝑚ch, the pair average transverse momentum (𝑘T) and in (𝑚ch,𝑘T)-intervals.  

The parameter 𝑅(𝑚ch) is found to increase as 𝛼𝑚ch
0.33 for low multiplicity for 𝑝T thresholds.                                  

For 𝑝T>100 MeV,      𝛼=2.54+0.12
-0.22 fm, for scaled multiplicity up to 𝑚ch ≈ 2.  

For 𝑚ch≥3, the source radius 𝑅  saturates at a value 𝑅 =3.35+0.20
-0.09  fm, confirming the 

previous observation of a high-multiplicity plateau by ATLAS at √𝑠 =7 TeV. For 𝑝T>500 MeV, 

the behaviour of 𝑅  is similar and lower.  

The parameter 𝜆(𝑚ch) decreases with multiplicity for the lower 𝑝T threshold and is lower 

for the higher 𝑝T threshold but increases slightly with multiplicity.  

The parameters 𝑅(𝑘T) and 𝜆(𝑘T) both decrease with increasing pair average transverse 

momentum 𝑘T.  
 The radius parameter 𝑅 also decreases with 𝑘T for 𝑝T>100 MeV, decreasing more strongly in the lower 𝑚ch 

intervals. For 𝑝T>500 MeV the behaviour of 𝑅 is rather flat with 𝑘T. As a function of 𝑚ch, 𝑅  increases and reaches 

a plateau at large multiplicity in all 𝑚ch intervals and for both 𝑝T thresholds.  

 A comparison of the 𝑅 parameter as a function of 𝑛ch with CMS results at 13 TeV shows similar behaviour.  
31/08/2023 Yuri Kulchitsky, JINR & IP NASB 31 

Conclusions 



Thank you very much  for 
attention! 

 

Thank you very 
much  for 

attention! 



BACKUP SLIDES 
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Event corrections 
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The vertex reconstruction 

efficiency, εvert (n) 

We correct the events on: 

MB trigger 

HMT trigger 



Correct distributions for detector effects: 

  where possible the data used to reduce the MC dependencies 

  Monte Carlo derived corrections for tracking 

Minimum-bias Event selection criteria 
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Events pass the data quality criteria. “Good events”:  
 all ID sub-systems nominal conditions,  

 stable beam,  

 defined beam spot 

 Trigger:  
 Accept on signal-arm Minimum Bias Trigger Scintillator for minimum-bias or high multiplicity track triggers 

 Vertex:  
 Primary vertex (2 tracks with pT>100 MeV),  

 Veto to any additional vertices with ≥4 tracks, 

 Tracks: At least 2 tracks with pT>100 MeV, |η|<2.5; 
 At least 1 first Pixel layer hit; 

 At least 2, 4, or 6 SCT hits  for pT>100, 300, 400 MeV respectively; 

 IBL hit required if expected (if not expected, next to innermost hit required if expected); 

 Cuts on the transverse impact parameter: |d0
BL|<1.5 mm (w.r.t beam line); 

 Cuts on the longitudinal impact parameter: |∆z0sinΘ|<1.5 mm, where ∆z0 is difference between z0
tracks & zvertex; 

 Track fit χ2 probability >0.01 for tracks with pT>10 GeV.  

Minimum-bias Event selection criteria 



Performed corrections on: 
1. The reconstruction track efficiency – ε (pT,η),  
2. The fraction of non-primary (secondaries and fake) tracks – fnonp(pT,η), 
3. The fraction of tracks for which the corresponding primary particles are outside the kinematic range – fokr(pT,η), 
4. The strange barion tracks – fsb(pT,η), 
 
We use the formula, as in MB studies: 
 

33 

Track reconstruction corrections 
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wi (pT, 𝜂) =
(1−𝑓𝑛𝑜𝑛𝑝 p

T
,𝜂 −𝑓𝑜𝑘𝑟 p

T
,𝜂 −𝑓𝑠𝑏 p

T
,𝜂 )

𝜀(p
T
,𝜂)

 

The primary track 

reconstruction efficiency 

integrated over pT (left), 

integrated over η (middle) 

and as function of pT and η 

(right). The green shaded 

error band includes the 

total systematic and 

statistical uncertainty  



The phase space correction 
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Pile-up for HMT and MB events   

MB trigger 

HMT trigger 

The distribution of the distance between Z 

coordinates of Primary Vertex and Pile-Up 

Vertexes for MB and HMT events for Data 

(left) and Data corrected on MC (right) 
MB Data 

HMT Data 

MB data  

corrected on MC 

HMT data  

corrected on MC 

For MB events the number of pile-up 

vertexes in the Primary Vertex (PV) 

region ±4 mm is ~520 after correction on 

MC, and the number of tracks in Pile-up 

vertex is 9.4. Therefore the fraction of 

pile-up tracks in MB events is  0.002% 

For HMT events the number of pile-up 

vertexes in the Primary Vertex (PV) 

region ±4 mm is ~4150, after correction 

on MC, and the number of tracks in Pile-

up vertex is 23. Therefore the fraction of 

pile-up tracks in MB events is  0.01% 

We can conclude that mean number 

of pile-up tracks per MB or HMT 

event is negligible  

Mean number of tracks (pile-up tracks) per event: MB – 26 (0.0005) tracks/event; HMT – 108 (0.01) tracks/event 
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Multiplicity unfolding from MB analysis 

Migration matrix derived from Pythia 8 A2.  Left: The full unfolding matrix. Right: The rows are 

normalized to one. The matrix is shown for the first iteration. There are several events with low 

nsel but high nch. These events are caused by the tracking inefficiency where no track were found.  



The measured N(Q) distribution for like or unlike signed particle (track) pairs  in presence of the Coulomb interaction is given by: 
 

where Nmeas(Q) is the measured distribution, N(Q) is the distribution free  of Coulomb correlations. 

Gamow penetration G(Q) factor                               Sommerfeld parameter η 

     QNQG=QNmeas

G(Q)=
2π η

e
2πη

−1  Q

α±
=η m

Gamow correction factor for like-signed (LS) particle 

pairs (blue), unlike-signed (US) particle pairs (red), 

for ratio of US to LS (black) 

Ratio of the same two particle 

C2(Q) correlation functions 

with and without  Coulomb 

correction. FSI is final state 

interactions 

Coulomb correction 
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+15% US 

-15% LS 

20 MeV 

US/LS 
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       R2(Q)  correlation function for OHP/UCP Vs Transverse thrust 

Multiplicity distributions for R2(Q) correlation functions for the minimum-bias events with (left) 

OHP and (right) UCP reference samples versus Q for different thresholds of Transverse Trust 

OHP UCP 
Spherical  events 

No dependence from TT in BEC region 

Strong dependence from TT in  BEC region  

Pencil-like events Pencil-like events 

Does not 

depend  

from TT 

in BEC 

region 

Spherical  events 

Strong dependent  

from TT in BEC 

region 

All events All events 
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Transverse thrust (T) &  Spherocity (S)   
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Pencil-like event: two partons emitted in opposite 

directions in the transverse plane, with  T≈1 & S≈0 

Spherical event:  containing several partons emitted 

isotropically, with T=2/π & S ≈ 1 

Transverse thrust is                                       

where the sum runs over all charged 

particles,  the thrust axis,        maximizes 

the expression. For nsel≥2. The solution for        

is found iteratively:                                            

where ε(x>0)=1 and ε(x<0)=−1. 
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Spherocity is                                         

where the sum runs over all charged 

particles and the vector        minimizes  

the expression. For nsel≥2. 
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T ≈ 1 & S ≈ 0 

T = 2/π & S ≈ 1 
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Comparison of C2 (Q), R2(Q) with OHP reference samples at 13 TeV 

HMT events for multiplicity intervals 

HMT events for kT intervals 

 Violation of the energy conservation low; 

 Wide bump in the BEC region (Q<0.3 GeV) for C2
MC(Q); 

 The bump size increases with kT;  

 C2
MC(Q) closer to C2

data(Q) for kT > 0.7 GeV;  

 Anticorrelation for 0.3<Q<1.0 GeV (C2
MC(Q)>C2

data(Q)); 

 The origin of bump: pencil-like events with jets.  
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Min nch Max nch 

Min kT Max kT 

Comparison of single-ratio two-particle correlation functions, C2
data(Q) and C2

MC(Q), with two-

particle double-ratio correlation function, R2(Q), with the OHP like-charge particles pairs 

reference sample for HMT events.  

HMT HMT 

HMT HMT 
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       C2(Q)  correlation function for OHP/UCP Vs Transverse thrust 

Multiplicity distributions for C2 correlation functions for the minimum-bias events with (left) 

OHP and (right) UCP reference samples versus Q for different thresholds of Transverse Trust 

OHP UCP 
Spherical  events 

No dependence from TT in BEC region 

Strong dependence from TT in  BEC region  

Pencil-like events Pencil-like events 

Does not 

depend  

from TT 

in BEC 

region 

Spherical  events 

Strong dependent  

from TT in BEC 

region 

All events All events 
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CMS BEC13 results: pT>200 MeV 

Results for Rinv and λ from the 

three methods as a function of 

multiplicity and kT.   

 

In the upper plots, statistical 

and systematic uncertainties 

are represented by internal and 

external error bars, 

respectively.  

 

In the lower plots, statistical 

and systematic uncertainties 

are shown as error bars and 

open boxes, respectively  

CMS BEC@13 JHEP03 (2020) 014  

Cluster subtraction (CS) method  
Hybrid CS (HCS) method  
Double-ratio (DR) technique  

DR up to Ntracks  < 170  

DR up to Ntracks  < 170  
HCS region is longer that for DR 

? 

Why  more than 1? 

? 
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Comparison of BEC R & λ with UCP/OHP/MIX reference samples 0.9 &7 TeV 
 

The comparison of the BEC parameters λ (left) and R (right) for the BEC results obtained from the fit the R2(Q) with the UCP, the 

OHP and MIX reference samples measured in pp collisions at 0.9 and 7 TeV for different multiplicity (top), kT (bottom) intervals. 

0.9 TeV 7 TeV 
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ATL-COM-PHYS-2013-295, Support note for “Two-particle Bose-Einstein correlations in pp collisions  

at √s = 900 GeV and 7 TeV measured with the ATLAS detector at the LHC”  

OHP/MIX 
OHP/MIX 

UCP UCP 
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COMPARISONS: CMS BEC13 results 
CMS BEC@13 JHEP03 (2020) 014  

K = Ntracks
max(pT>100 MeV) / Ntracks

max(pT>200 MeV)  = 320/210 = 1.52!!! 

RATLAS (pT>100 MeV) 

RCMS (pT>200 MeV) 


