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Theoretical background

Plane wave approach (incoherent sum):
For Gaussian source emission probability

 is the source radius
 is the incoherence factor (0,1) introduced 
empirically

                          = the four momentum difference

Quantum optical approach (taken from optics): 
✔ based on squeezed coherent states
✔ leads to:

 is the chaoticity:  =0 ( =1) for  purely coherent (chaotic) sources

BEC effect correspond to an enhancement in two identical boson correlation 
function when the two particles are near in momentum space
 space-time characteristics of hadronization region
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Other approaches

Quantum Field Approach (Q.field theory at finite temperature):

 taken as a function of                                dependence on              
not considered !

Two-dimensional approach to BEC correlations!
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C2 function: experimental  approach
✔ For each track pair we reconstruct the quantity

The Q++, Q--, Q+-,Q-+ are the quantities for pairs of the like/unlike sign 

particles.

✔ The C2 correlation function is a ratio of the like sign particle (track) pairs 
Q distributions' sum (signal distributions N(Q)(with BEC)) and the unlike 
sign particle (track) pairs Q distribution (reference distribution Nref(Q)
(without BEC,but contain all other correlations.))

 

N(Q)      two particles Q distribution
             - identical particles used

Reference function – two basic possibilities: 

- non-identical track pairs taken from the same event ( N+-(Q)   ) .

- Event mixing reference function: the same particle type track pairs 
created from different events (   N EM ++ --(Q) )

- Opposite hemisphere technique (inversion of the 2nd track direction)

Q= E1−E22− p1− p2
2

We construct the C2 correlation function  
++ and -- track pair combinations
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We used 6 fitting parametrization functions:

C2_1

C2_2

C2_3

C2_4

C2_5 (Kozlov fitting function)

C2_6 (Kozlov fitting function)
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Coulomb correction*Coulomb correction*
The measured N(Q) distribution for the 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

N meas Q=G QN Q

G Q =
2

e2
−1

=
±m
∣Q∣

* 1 S.Pratt, PRD33, p72(1986)
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Pt (GeV)

Efficiency correctionEfficiency correction
 Corrections on some efficiencies (functions of η and pt):

  * «reconstruction track efficiency»

* «trigger efficiency»

* «vertex reconstruction efficiency»

Correction Data on MC:  Correction Data on MC:  

C2
Corr

=
C2
DATAQ

C 2
MC

Q 
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Data samples

Official MinBias D3PD samples forOfficial MinBias D3PD samples for  Experimental data and MC are used 

900 GeV data samples: 
- - Experimental data samples:
       Number of selected events = 357,523
- MC data sample: (non-diffractive)
       Number of selected events = 975,742

7 TeV data samples:
- Experimental data samples:- Experimental data samples:
        Number of selected events =  about 10 millions        Number of selected events =  about 10 millions
- MC data sample: (non-diffractive)- MC data sample: (non-diffractive)
         Number of selected events = 14 millions         Number of selected events = 14 millions

7 TeV Data sample with the high multiplicity trigger
 - Experimental data samples:
          Number of selected events = 13,985
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Event/ track selections (MinBias 2.0 analysis)

Trigger:
    *   L1_MBTS_1  |  L1_MBTS_2  |  L1_MBTS_1_1  trigger

* good run/lumiblocks

Vertex Selection:
* Pile-up Removal cut

* >=1 vertex 
* >=2 "selected" track (as vertex requires 2 tracks) 

Track Selection:
    * Pt > 100. MeV
    * abs(eta) < 2.5

    * |d0| < 1.5 mm
    * |z0 sin(theta)| < 1.5 mm
    * b-layer hit if one expected
    * >=1 pixel hit
    * >= 2,4,6 SCT hits for pt > 100,200,300 MeV
    * Chi2 prob > 0.01 for pt > 10 GeV (to remove the mis-

measured tracks).
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900 GeV: Q distributions, C2 functions, Ntracks Cuts
Coul. & eff. corrections, Pt > 100 MeV, Q > 10 MeV 

 

No Ntracks Cut's
dependence
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900 GeV: Q distributions, C2 functions, Pt Cuts
Coul. & eff. corrections, Q > 10 MeV, Ntracks cut > 20 tracks

High dependence
On Pt Cut value
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7 TeV: C2 functions, Pt & Ntracks Cuts
Coul. & eff. corrections, Q > 10 MeV, Ntracks cut > 20 tracks

Ntrk > 20

Critical region

pT >100 MeV

Ntrk > 20

pT >100 MeVCoulomb correction
Diverge for Q ≈ 0

Critical region:
Resonances, jets ?
Was investigated

Different cuts
on trk number

Trench less profound 
for low Pt cuts:
Use Pt-cut as low as 
possible => efficiency 
can be a problem

Different cuts
on trk pT

C2 shape depends on trk  pT cut quit strong ly!
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900 GeV :Q distributions, C2 functions
 With/without Tracks and Events correction efficiencies

Pt> 200 MeV, Q > 10 MeV, Ntracks > 20 tracks
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900 GeV: Q distributions, C2 functions
 With/ without Coulomb correction

 Pt> 200 MeV, Q > 10 MeV, Ntracks > 20 tracks
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7 TeV: Q distributions, C2 functions
 With/ without Coulomb correction

 Pt> 100 MeV, Q > 20 MeV, Ntracks > 20 tracks
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900 GeV: MC data  & Collisions data: 
Q distributions, C2 functions

Coul. & eff. corrs, Pt> 200 MeV, Q > 10 MeV, Ntracks > 20 tracks

Enough good correlation
 between Data & MC

Significant change 
of hadr. Radius !
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7 TeV: MC data  & Collisions data: 
Q distributions, C2 functions

Coul. & eff. corrs, Pt> 500 MeV, Q > 10 MeV, Ntracks > 20 tracks

Enough good correlation
 between Data & MC
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900 GeV : Collisions data :   C2 function fitting
Coul. & eff. corrections, Pt> 200 MeV, Q > 10 MeV, Ntracks > 20 tracks,

 full fitting interval
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7 TeV : Collisions data :   C2 function fitting
Coul. & eff. corrections, Pt> 100 MeV, Q > 10 MeV, Ntracks > 20 tracks,

 full fitting interval
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900 GeV : Collisions data :   C2 function fitting
Coul. & eff. corrections, Pt> 200 MeV, Q > 10 MeV, Ntracks > 20 tracks,

 excluded region (200-800MeV)
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900 GeV : Data and  Data corr. MC:   C2 function fitting900 GeV : Data and  Data corr. MC:   C2 function fitting
Coul. & eff. corrections, Pt > 200 MeV, Q > 20 MeV, Ntracks > 20 tracks,

 excluded interval (200-800)MeV from fit, first 4 fitting functions C2_1 - C2_4
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7 TeV : Data and  Data corr. MC:   C2 function fitting7 TeV : Data and  Data corr. MC:   C2 function fitting
Coul. & eff. corrections, Pt > 200 MeV, Q > 20 MeV, Ntracks > 20 tracks,

 first 4 fitting functions C2_1 - C2_4
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Data and Data corr. MC :   C2 function fittingData and Data corr. MC :   C2 function fitting
Coul. & eff. corrections, Pt > 200 MeV, Q > 20 MeV, Ntracks > 20 tracks,

 excluded interval (200-800)MeV from fit,  4 fitting functions C2_1, C2_3, C2_5, C2_6
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900 GeV : Collisions data : Hadronisation Radius  vs 
Multiplicity  R(N)

Diffr.corrections, Pt cuts = {100, 200} MeV, Q > 10 MeV, 
Multipl.Cuts = {2, 10, 20, 30, 40}  tracks, excluded region (200-800MeV)

Very chaotic R(n)s' behaviour for full fitting interval.
We have better fit and fitting parameters for the case with 
bay's interval exclusion (200-800)MeV.
R(C2_1), R(C2_3) = 1.0÷1.3   for N ={2,..40} tracks, exc.range

 R(C2_2), R(C2_4) = 1.5÷2.0   for N ={2,..40} tracks, exc.range
  

Preliminary
 look!
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7 TeV: Q distributions, C2 functions, 
Event mixing reference sampleEvent mixing reference sample

Coul. & eff. corrections, Q > 10 MeV, Pt> 100 MeV, Ntracks cut > 20, 100 tracks

Trk N > 100
Trk N > 20

Trk N > 20
Data vs MIX

++ -- / +- event mixing

Trk N > 100
Trk N > 20

Trk N > 100
Trk N > 20

C2(++ --) data / mix C2(+-) data / mix
Fluctuations  caused by 
resonances and jets
under investigation
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7 TeV: C2 functions, 
Data +- ref. sample  vs  Data +- ref. sample  vs  Event mixing reference sampleEvent mixing reference sample

Coul. & eff. corrections, Q > 10 MeV, Pt> 100 MeV, Ntracks cut > 20 tracks

C2(++ --) data / mix

C2(++--/+-) data MC corrected
                  (0.2, 0.8) excluded

Fit:
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7 TeV: A look at Monte Carlo

Data(+-)/MC(+-)

All tracks

Non-resonant tracks

                          should be 1
=> MC is not tuned to data !

( ) ( )MCN Q N Q+− +−

structure < 800 MeV
is not cased by resonances !

Resonances?

( ) ( )data MCN Q N Q+ − + −
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( ) ( )all non resCorr N Q N Q−
+ − + −=

( ) ( )data MCN Q N Q+ − + −

( )1( ) ( )data MCN Q N orQ C r+− + − ﾴ

Resonance correction function:

7 TeV: Q-ratio: data vs MC + resonance correction
Coul. & eff. corrections, Q > 10 MeV, Pt> 100 MeV, Ntracks cut > 20 tracks

The idea was  to express two pair track N(Q) as a superposition of resonant, 
non-resonant and jet parts – to understand the role of tracks from resonances 
and jets (Bratislava group's investigation).
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Summary

●First round of  Bose-Einstein correlations for ATLAS carried out
● Hadronization radius (R) and incoherence factor (λ,p) extracted for 

different reference functions:
● Same events +- track combinations

● Event mixing ++-- track combinations
● Opposite hemisphere technique  with ++-- track combinations

● the first version of BEC document are created
● Todo list

●  BEC studies with a restricted cos θ 

●  BEC studies using particle identification (waiting for Rel16 samples)
● Two-dimensional C2 correlation studies 

●  study of events with the high multiplicity trigger.
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Thank You For Your Attention!Thank You For Your Attention!
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Backup slidesBackup slides
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900 GeV Data: 900 GeV Data: Hadronisation Radius — Hadronisation Radius — 
Different parametrizations of the C2 functionDifferent parametrizations of the C2 function

Selections: Qcut =20 MeV, Coulomb & efficiciency corrections
Fit for full interval and except (200800MeV) interval  «excluded range»
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900 GeV : Data corr. on MC: 900 GeV : Data corr. on MC: Hadronisation Radius — Hadronisation Radius — 
Different parametrizations of the C2 functionDifferent parametrizations of the C2 function

Selections: Qcut =20 MeV, Coulomb & efficiciency corrections
Fit for full interval and except (200800MeV) interval  «excluded range»
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7TeV : C2 fit vs Ntracks cuts

NtrkCut from to
0 0 0 1.305 ± 0.0015 2.470 ± 0.004 1.275 ± 0.001 1.210 ± 0.002
0 0.2 0.8 1.589 ± 0.0022 2.782 ± 0.006 1.542 ± 0.002 1.974 ± 0.009

20 0 0 1.413 ± 0.0019 2.696 ± 0.005 1.380 ± 0.002 1.316 ± 0.003
20 0.2 0.8 1.670 ± 0.0026 2.992 ± 0.007 1.622 ± 0.002 1.960 ± 0.012
50 0 0 1.574 ± 0.0037 3.029 ± 0.009 1.539 ± 0.003 1.550 ± 0.007
50 0.2 0.8 1.804 ± 0.0046 3.335 ± 0.012 1.756 ± 0.004 1.958 ± 0.017

100 0 0 1.744 ± 0.0201 3.368 ± 0.046 1.708 ± 0.019 1.881 ± 0.050
100 0.2 0.8 1.938 ± 0.0236 3.613 ± 0.060 1.890 ± 0.022 2.168 ± 0.079

trk pTcut=100MeV
R R R R

f1(Q) f2(Q) f3(Q) f4(Q)

NtrkCut from to
0 0 0 1.319 ± 0.0021 2.463 ± 0.005 1.288 ± 0.002 1.231 ± 0.004
0 0.2 0.8 1.607 ± 0.0030 2.799 ± 0.008 1.562 ± 0.003 2.229 ± 0.005

20 0 0 1.467 ± 0.0027 2.794 ± 0.006 1.434 ± 0.003 1.303 ± 0.004
20 0.2 0.8 1.727 ± 0.0038 3.106 ± 0.010 1.682 ± 0.004 2.374 ± 0.013
50 0 0 1.668 ± 0.0056 3.240 ± 0.013 1.631 ± 0.005 1.473 ± 0.007
50 0.2 0.8 1.904 ± 0.0072 3.545 ± 0.019 1.857 ± 0.007 2.160 ± 0.033

100 0 0 1.872 ± 0.0371 3.700 ± 0.087 1.834 ± 0.035 1.753 ± 0.049
100 0.2 0.8 2.133 ± 0.0456 4.087 ± 0.118 2.083 ± 0.043 2.260 ± 0.126

Trk pTcut=200MeV f1(Q) f2(Q) f3(Q) f4(Q)
R R R R

Qmin =20 MeV, (0,0)- full fitted interval,  (0.2,0.8) GeV - the interval not included

Increase of  R with the cut on trk multiplicity (expected) and Pt  (weak)!
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7TeV : C2 fit vs Ntracks cuts; Data corr. MC
Qmin =20 MeV, (0,0)- full fitted interval,  (0.2,0.8) GeV - the interval not included

NtrCutQmin from to
0 20 0 0 0.930 ± 0.002 1.665 ± 0.006 0.921 ± 0.002 1.598 ± 0.005
0 20 0.2 0.8 1.212 ± 0.004 1.733 ± 0.011 1.187 ± 0.004 1.620 ± 0.010

20 20 0 0 0.974 ± 0.003 1.724 ± 0.007 0.965 ± 0.003 1.662 ± 0.007
20 20 0.2 0.8 1.271 ± 0.005 1.896 ± 0.013 1.247 ± 0.005 1.780 ± 0.012
50 20 0 0 0.963 ± 0.008 1.617 ± 0.017 0.956 ± 0.007 1.576 ± 0.016
50 20 0.2 0.8 1.354 ± 0.011 2.133 ± 0.028 1.332 ± 0.010 2.012 ± 0.025

100 20 0 0 1.351 ± 0.194 1.748 ± 0.626 1.335 ± 0.189 1.741 ± 0.586
100 20 0.2 0.8 1.690 ± 0.170 3.343 ± 0.582 1.663 ± 0.167 3.029 ± 0.315

Ptcut = 200MeV
R R R R

f1(Q) f2(Q) f3(Q) f4(Q)

Fit:
N pT > 100 pT > 500 pT > 100 pT > 500 
- R R 

20-Feb 0.925 ± 0.003 1.116 ± 0.009 0.893 ± 0.003 1.079 ± 0.008 
20 - 30 1.211 ± 0.006 1.455 ± 0.015 1.180 ± 0.006 1.413 ± 0.014 
30 - 50 1.380 ± 0.006 1.546 ± 0.017 1.349 ± 0.005 1.510 ± 0.016 
50 - 70 1.521 ± 0.009 1.656 ± 0.044 1.489 ± 0.008 1.621 ± 0.042 
70 - ∞ 1.678 ± 0.014 1.617 ± 0.137 1.643 ± 0.013 1.591 ± 0.132 

C2(Q)=1+λexp(-Q2R2) C2(Q)=1+2p(1-p)exp(-Q2R2)+p2exp(-Q2R2)

 
 N 

 0 - 20 0.925 ± 0.003 1.229 ± 0.008 0.975 ± 0.004 0.629 ± 0.002
 20 - 30 1.211 ± 0.006 1.477 ± 0.010 1.082 ± 0.006 0.710 ± 0.003
 30 - 50 1.380 ± 0.006 1.636 ± 0.008 1.080 ± 0.005 0.766 ± 0.003
 50 - 70 1.521 ± 0.009 1.750 ± 0.011 1.033 ± 0.008 0.833 ± 0.005
 70 - ∞ 1.678 ± 0.014 1.889 ± 0.016 0.974 ± 0.016 0.906 ± 0.008

C2_fit_full C2_MCcor C2_EvMixC2_fit_excl
C2 functions: hadronization radius, R,  pT > 100 

2 2

2 ( ) 1 Q RC Q eλ −= +Fit:
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900 GeV data samples900 GeV data samples
Experimental data samples:

*data09_900GeV.00142383.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120524_00_r15.6.7.8Newtrk 
●data09_900GeV.00142195.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120485_00_r15.6.7.8Newtrk
●data09_900GeV.00142193.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120419_00_r15.6.7.8Newtrk
●data09_900GeV.00142191.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120365_00_r15.6.7.8Newtrk 
●data09_900GeV.00142189.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120305_00_r15.6.7.8Newtrk 
●data09_900GeV.00142174.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120272_00_r15.6.7.8Newtrk 
●data09_900GeV.00142171.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120239_00_r15.6.7.8Newtrk 
●data09_900GeV.00142166.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120206_00_r15.6.7.8Newtrk
*data09_900GeV.00142165.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120173_00_r15.6.7.8Newtrk

       *data09_900GeV.00142154.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid120032_00_r15.6.7.8NewtrkGLS
●data09_900GeV.00142149.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid119999_00_r15.6.7.8Newtrk
●data09_900GeV.00141811.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid119768_00_r15.6.7.8Newtrk 
●data09_900GeV.00141749.physics_MinBias.merge.ESDtoD3PD.r1093_p101_tid119702_00_r15.6.7.8Newtrk 

Number of selected events = 357,523
Number of selected tracks = 4,532,663

MC data sample: (nondiffractive)
mc09_900GeV.105001.pythia_minbias.merge.NTUP_MINBIAS.e500_s771_s767_r1234_p137_tid130221_00

Number of selected events = 975,742
Number of selected tracks =  12,363,168
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7 TeV data samples7 TeV data samples
Experimental data samples:

data10_7TeV.00152221.physics_MinBias.merge.NTUP_MINBIAS.f239_p127_tid125
125_00

data10_7TeV.00152166.physics_MinBias.merge.NTUP_MINBIAS.f239...
data10_7TeV.00152214.physics_MinBias.merge.NTUP_MINBIAS.f239...
data10_7TeV.00152345.physics_MinBias.merge.NTUP_MINBIAS.f239...
data10_7TeV.00152409.physics_MinBias.merge.NTUP_MINBIAS.f239...
data10_7TeV.00152441.physics_MinBias.merge.NTUP_MINBIAS.f239...
data10_7TeV.00152508.physics_MinBias.merge.NTUP_MINBIAS.f241...

Nr. Of selected events: about 10 M events
MC sample: ( non-difractive samples)

mc09_7TeV.105001.pythia_minbias.merge.NTUP_MINBIAS.e517_s764_s767_r122
9_p137

Nr. Of selected events: about 14 M events
7 TeV Data with 7 TeV Data with 

the high multiplicity trigger
Experimental data samples:

 user.jmonk.00166850.physics.MinBias.NTUP_HIGHMULT.f296.v2/

Number of selected events = 13,985
Number of selected tracks = 2,070,633
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Trigger: mbSpTrkVtxMh

Another Luminosity blocks

 
Vertex: 
at least one good primary vertex (type 1). Removed pile-up cut as defined
by the MB 2.0 analysis. Instead if second vertex has higher multiplicity than the
primary, skip event.

At least 108 tracks with:
 ➡ |η| < 2.5
 ➡ pt > 100 MeV
 ➡ Reconstructed by the inside-out or low-pt tracking algorithms.
 ≥ ➡ 1 pixel hit*
 ≥ ➡ 6 SCT hits
 ➡ |d0| < 1.5 mm
 ➡ |z0sinθ| < 1.5 mm
 fi➡ t probability ≥ 0.01 for pt > 10 GeV

* No b-layer requirement. After MB 2.0 definition of expectHitInBLayer changed.

**http://indico.cern.ch/getFile.py/access?contribId=6&resId=0&materialId=slides&confId=106091

Event/track selections for 7 TeV data sample with 
the high multiplicity trigger**
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Q distributions, C2 functions, Ntracks Cuts
7 TeV data : 7 TeV data : Coulomb correction, Pt > 100 MeV, Q > 20 MeV 

++ -- tracks+ - tracks

(++ –)/(+-) tracks(++ –)/(+-) tracks

No dependence of the C2 parameters on the high multiplicity cuts!
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Q distributions, C2 functions, Pt Cuts
7 TeV data : 7 TeV data : Coulomb correction, Q > 20 MeV, Ntracks cut > 110 tracks

++ -- tracks+ - tracks

(++ –)/(+-) tracks(++ –)/(+-) tracks

Strong dependence of the C2 parameters on the pt cuts! 
For low pt cut (ex. 100 MeV) The drop in the C2 function is (almost) disappeared!
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Q distributions, C2 functions
 7 TeV data : 7 TeV data : With/ without Coulomb correction

 Pt> 200 MeV, Q > 20 MeV, Ntracks > 110 tracks

++ -- tracks+ - tracks

C2_coul.corr./C2_no corr.(++ –)/(+-) tracks

C2's strong dependence  on Coulomb correction!
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7 TeV data :7 TeV data : C2 fit funs: C2_1,C2_2, C2_3, C2_4
Coulomb correction, Pt> 200 MeV, Q > 20 MeV, Ntracks > 110 tracks,

 full fitting interval
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7 TeV data : 7 TeV data :  C2 fit funs: C2_1,C2_2, C2_3, C2_4
Coulomb correction, Pt> 200 MeV, Q > 20 MeV, Ntracks > 110 tracks,

 excluded region (200-800MeV)

Better fit!Better fit!
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7 TeV data :7 TeV data : C2 fit funs: C2_1,C2_3, C2_5, C2_6
Coulomb corrections, Pt> 200 MeV, Q > 20 MeV, Ntracks > 110 tracks,

 full fitting interval
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7 TeV data :7 TeV data : C2 fit funs: C2_1,C2_3, C2_5, C2_6
Coulomb correction, Pt> 200 MeV, Q > 20 MeV, Ntracks > 110 tracks,

 excluded region (200-800MeV)

Better fit!Better fit!
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