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MOTIVATION FOR BOSE-EINSTEIN CORRELATIONS £
» 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.
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BOSE-EINSTEIN CORRELATIONS AND HANBURY BROWN -TWISS INTERFEROMETRY
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

Intensity interferometry of photons in radio-astronomy:

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

<l 1
- C(d) =
. . - <1 ><I,>
L
‘ =7+Acos(d,g)
dus = MO
= B -
I1(2)"-‘"im:ensities, <x> - averaging over random phases

A is the wavelength of the light, 6 = d, /L

Varying d,g 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 guantum theorv of optical coherence"



BOSE-EINSTEIN CORRELATIONS 5

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

“HBT method

C, is a normalisation, € accounts for long range effects, R is the Q%=—(p,—p )2
effective radius parameter of the source, A is the strength of :
the effect parameter, 0/1 for coherent/chaotic source.

the prOdUCtlon mechanism Ec’u 1; ATLAS Internal /s =13 TeVHMTE

- en e = pT>100MeV,m|<2.5 .

Correlation function C,(Q) a ratio of probabilities: 1.5_1 = 231300 E
— QE (ﬂ, RQ) — /fte_RQ T4 g i2;§;0++0§0[;m] i 22:;?::sian fit —é

C (Q) = p( pl’ p2) _C0(1+ c 1+Q8), . 1-3:*_ =80 L Exponential fit _E
PolPs, Po) ——0Q°(4,RQ)= 4e ™

Two possible parameterisation: Gaussian and Exponential. e iRanans
N (Q) Nrer Without BEC effect from: unlike-charge 6‘2‘ B T ci?fﬂ;g"@9"'50;5%0-;@?%

C2 (Q) — . part!cles (UCP), Opposite hemlspheres, BVENtMIXING. g3 |5 B o o]
N refé(’Q)/ Basic Reference: distribution of UCP pairsofnon- = 2o .0 .3

identical particle taken from the same event. I T QiGev]

++,— ] _ . ] ] ]
CP*(Q) Al %(+_) The studies are carried out using the double ratio correlation function. The R,(Q)
.(Q)= C¥(Q) = PLE (++,__/ eliminates problems with energy-momentum conservation, topology, resonances, hadronic
MC
(+)

31/08/2023 jets, mini-jets etc. MC without BEC. A




& TOROIDAL LHC APPARATUS (ATLAS) &

Subdetector Operational | Air-core Muon spectrometer Longitudinally segmented Calorimeter:
B % (u Trigger/tracking and Toroid Magnets) EM and Hadronic energy
ALFA 99.9% Precision Tracking: LiguidAr EM barrel and End-cap & Hadronic End-cap
CSC Cathode Strip 95.3% MDT (Monitored Drift Tubes) Tile calopjmeter (Fe-scintillator) Hadronic barrel
Chambers CSC (Cathode Strip Chambers) |n| >2.4 N\ — - —
Forward LAr Calorimeter 99.7% Trigger: :
Hadronic End-Cap Lar Cal ~ 99.5% RPC (Resistive Plate Chamber) barrel 46 m
1) CEl el Ly e TGC (Thin Gas Chamber) endcap ' e
LVL1 Calo Trigger 99.9% e : e )
LVL1 Muon RPC Trigger 99.8% \ | Two Level Trigger
LVL1 Muon TGC Trigger 99.9% 7/ 000 tons system
MDT Muon Drift Tubes 99.7% 25m ol L1 hardware: 100
Pixels 97.8% - kHz, 2.5 us latency
(R:E;:miae:;el Muon S HLT farm: merge
SCT Silicon Strips 98.7% : D the former L2 and
TGC End-Cap Muon Cha 99.5% 25m — | EventFilter 1.5
Tile Calorimeter 99.2% E: | kHz, 0.2 s latency
TRT Transit Rad Tracker 97.2% "
T T Irjrjer Defcector (ID) Tracking in 2T Solenoid Magnet [/ - i G
S ey 5 | Silicon Pixels 50x400 um? EM Calorimeter
Sl EL"W"W et 2| Silicon Strips (SCT) 40 um rad stereo strips e Pixel Detector
5 r ATLAS Recorded 7 . - . . . ,
2100 -| TransitionRadiation Tracker (TRT) <36 points/track . Tansiiof Radiation Tracker
% s E ~ Toroid Magnets SemiConductor Tracker
£ o = ATLAS
5 AFP ZDC LUCID LUCID /DC AFP
[ 13
20— = ol i 4
R = l_]_J4 = S, e l!__'l > L‘J FLT_’ =
Month in Year — | | > r, RS = - ‘ — l-n -+ | ] -
31/08/2023 ' Beam1 U, I “Beam 2™ c
Q7 Q6 Q5 Q4D2 D1 Q3Q2Q1 Q1Q2Q3 D1 D2Q4 Q5 Q6 Q7


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=0;table=1;up=1
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0

INNER DETECTORS (ID) 5

The focus of ATLAS is high-p; 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 SSSs
in pp collisions at \s=13 TeV o

B ATLAS tracking
TRT<

detectors:
Pixels, SCT & TRT

O New innermost 4-th layer for the
Pixel detector
[IBL = Insertable B-Layer]

O Required complete removal of the
ATLAS Pixel volume

Q IBL fully operational

New Be beam pipe

L R = 554mm
( R=514mm

R =443mm
SCT
R=371mm

\ R=299mm

Two times better tracks impact parameters resolution at
13 TeV! 6

R =50.5mm
R =33.25mm

R=0mm

R =122.5mm
Pixels { R=88.5mm




MINIMUM BIAS TRIGGER SCINTILLATOR £
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24 independent wedge-shaped plastic scintillators (12 per side) read out by PMTs,

2.08<|n|<2.76

S 5 Pseudorapidity is
i defined as
S 1 = -Vln(tan (0/2))
L O Is the polar angle

it with respect to the
& beam.

» 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



MINIMUM-BIAS AND HIGH MULTIPLICITY TRACK TRIGGERS A@AS
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» For these analysis the events collected with Minimum-bias (MB) trigger named
as HLT noalg mb L1IMBTS 1 are used.
 This trigger required at least one hit in one of the 12+12 sectors (Aand C
sides) of the MBTS detector.

v" Integral Luminosity ~I51 ub™!; Statistic: 9.6x10° events with 2.4x108 tracks

» For these analysis the events collected with High multiplicity track (HMT)
trigger named as HLT mb _sp900 trk60 hmt L1IMBTS 1 1 are used.
JHMT events were collected at 13 TeV using a dedicated HMT trigger:
s requires more than 900 SCT space-points,
s more than 60 reconstructed good quality charged tracks with
p>0.4 GeV assoclated with the primary vertex.

v" Integral Luminosity ~8.4 nb~/; Statistic: 9.1x10° events with 9.8x108 tracks

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



EXAMPLE OF VERY-HIGH-MULTIPLICITY EVENT

High-multiplicity event with 319 reconstructed tracks.
The shown tracks are from a single vertex and have pr > 0.4 GeV
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"= =T \\ The shown tracks are from a single vertex and have pr > 0.4 GeV
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CRUCIAL FEATURE FOR REFERENCE SAMPLE
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1. Absence of Bose-Einstein correlations

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

4. Absence of additional dynamical correlations due to Jets

5. Absence of additional dynamical correlations due to resonances
of long-lived particle decays (», o, p, ...)

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

d UCP method satisfies Conditions 1 — 3, but not Condition 5 (regions were excluded)
d R,(Q) correlation functions satisfy Conditions 4 and 5

O For OHP reference samples there are problems with Conditions 2 — 4

11



COMPARISON OF TWO-PARTICLE CORRELATION FUNCTIONS UCP/OHP A@AS
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o F’
o~ 1-527 ATLAS Internal OHP s = 13 TeV HMT TLAS Internal ucp Vs =13 TeV HMT
< Y CP,p_> 100 MeV, n| <25 .
c 1'55 . OHP. py = 199 MeV. Il <25 + C7(Q) n| = 1p|;1 300 : = Timu 1500 MeV— C.™ (@
O 14 —W o) h T /’/ c¥eq)

- + R,(Q)

/+ R,(Q)

*L'.'".H'ﬁ_
—
2

i
e

I BRI B S B B S B B " /S I I o vy by by s 1y
02 04 06 0.8 T2 14 16 18 7 Z 04 06 08 1 12 14 16 18 2

=""n

Comparison of single-ratio two-particle correlation functions, £,%%%(Q) and £,M¢(Q), with two-
particle double-ratio correlation function, R,(Q), for the HMT events using

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

(b) the UCP pairs reference sample for £-interval 1.0 < £+ < 1.5 GeV.
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SYSTEMATIC £
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Systematic uncertainties (in percent) in the correlation strength, 4, and source radius, Z, for
the exponential fit of the two-particle double-ratio correlation functions, R,(Q), for z.>100
MeV at Vs =13 TeV for the MB and HMT events

Uncertainties for MB events [%o]

Uncertainties for HMT events [%o]

Sources of systematic A R A R A R A R
uncertainty Spread for ng For inclusive Spread for ngp For inclusive
distribution R> function distribution R> function
Track splitting and merging negligible negligible
Track reconstr. efficiency 0.0-04  0.1-04 0.3 0.1 0.1-0.2 0.01-0.1 0.2 0.01

Unfolding matrix 0.0-0.3 0.0-0.1 0.01 0.0 0.0-0.4 0.0-0.1 0.01 0.03
MC generators (T) 0.0-28. 0.0-21. 2.7 4.9 0.0-7.1 4.4-6.6 5.2 5.6
MC generators () 0.0-12. 0.0-29. 5.4 5.8 1.4-9.9 0.0-11. 1.6 2.3
Coulomb correction 1.3-2.0 0.01-0.6 1.8 0.1 1.7-1.9 0.2-04 1.8 0.3
Fitted range of Q 0.0-0.5 0.02-0.9 0.2 0.3 0.0-0.2 0.0-0.2 0.02 0.03
Starting value of Q 0.0-1.9 0.01-1.1 0.3 0.2 0.5-1.4 0.3-0.7 0.7 0.4
Bin size 0.0-24 0.1-1.5 0.8 0.4 1.0-1.7 0.4-0.9 1.3 0.6
Exclusion intervals 0.0-1.1 0.3-0.8 0.1 0.3 0.4-0.6 0.3-0.6 0.5 0.5
Cumulative uncertainty (T) 1.3-28. 1.2-21. 3.9 5.0 2.9-7.6 4.6-6.7 5.6 5.7
Cumulative uncertainty (]) 2.4—12. 1.2-29. 5.9 5.8 2.8—10. 1.1-11. 2.6 2.5 |13
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77, and 4 using different

MC generators in the calculation of R,(Q). (a) # versus 7z, for MB
events, (b) # versus 7z, for HMT events, (c) £ versus 4 for MB events
and (d) A4 wversus 4 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.
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THE TWO-PARTICLE DOUBLE-RATIO CORRELATION FUNCTION &)
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g'r B | E B 'I T T T 'I [ I 'I T T T 'I B
- 1.8— ATLAS Internal fs=13TevMB _| E 1.8l— ATLAS Internal Vs =13 TeV HMT __|
T p, > 100 MeV, | <2.5 - — p, > 100 MeV, | <25 =

N, =71 -80 — - n., = 231 - 300 _|

1.6 .« R,Q) ] 1.6 *  RyQ) -

_b — Gaussian fit - — Gaussian fit -

K T T P Exponential fit ] = e i .

1 4_1' po ] 1ali Exponential fit ]

: a - B (b) ]

1.2 — 1 2k _

B » excluded - — “«—r ——  » excluded .

[ L ! L | | | ! 1 N T .i -, , 1 1 | | ! | | | ! N ]
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4 The R,(Q) for pp collisions for track z>100 MeV at 13 TeV in the multiplicity intervals
(a) 71<72,,<80 for the MB,

(b) 231<7,,<300 for the HMT events.

O The region excluded from the fits is shown.

O The difference between the R,(Q) and the result of the exponential fit normalized to the experimental uneertainty,
AD /IM\\/!] 4L /N 10 AracAantAA
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AVERAGE CHARGED-PARTICLE MULTIPLICITIES VS ENERGY &9

A Data
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v
) -

— PYTHIA8 A2
- PYTHIA8 Monash

EPOS LHC

DGSJET 11-04
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7 TeV

4

13 TeV

ATLAS
The average primary charged-particle
multiplicity in pp interactions per unit of
pseudorapidity » for |#|<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<z<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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BEC PARAMETERS VS MULTIPMCHY £
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A

1.1E 'ATLAS Internal  (s=13Tev] E  4F ATLAS Internal ~Vs=13 Tev T
1= n| <2.5 - & 35 <25 % Ld= | P S— o
0.9;— —; 3F- ﬁr‘H* T - A
1 e A —
0.7F ¢ S = 25_ &»4;.4\9* ! _E
g —— - E
0.6F |o g 3 1.5F —~
0.5F VB o > 100 Moy 3 F 4 MB,p_>100MeV — m, fit -
- S eT T s 100 may — Expofit 3 1= v HMT, p_>100 MeV -- Const fit —
0.4F (a) v FT. pL 200 :j = 0.5F (b) © MB,p_>500MeV — mfit -
= © Py &Y Expofit - ~E o HMT, p_ > 500 MeV --- Const. fit J
0.3 |0 HMT, p_> 500 MeV | . bl o T Ty
0 - 2 - 4 o 6 - 8 | 0 2 4 6 8
[7]<2.5 I m m~
<25, _ ch _ T e S A A EREE R SR
Mch = Nch / < ) <nch )—S(dnch/ dr’||r;|<[]_2) E = ;!IlTLAIS Intnlernal | Vs = I'13 Tel\.f'
S 35 <05
Q The dependence of the A(z,) on rescaled multiplicity —f " [

obtained from the exponential fit of the A,(¢) correlation 4
functions for tracks with z2>100 MeV and z>500 MeV 5t
at \s=13 TeV for the MB and HMT data. 1 5F

-IIlIIIlII|II.II.|.II|IIlIIJ.|IIIlIIIlI|III.I

- 4 MB,p_>100MeV — IJm_, fit
(O The dependence of the A7z,,) on 77z, and (c) on 772,33, LS © HMT. P, > 100 MoV - ot
0 The uncertainties represent the sum in quadrature of the statistical ©°-5F C) f MB, p, > 500 MeV  — Jm ft

. . . . HMT, P, > 500 MeV --- Const. fit
and asymmetrlc systematlc contributions. ey 4 0. 5 ) 8 ' 'II ' '1_'2' ' '1f4' ' '1_'5' ' '1_'8' ' é '
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FIT RESULTS OF MULTIPLICITY DEPENDENCE OF BEC PARAMETERS A@AS
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The results of the fits to the dependencies of the correlation strength, .7, and source radius, 4, on
the average rescaled charged-particle multiplicity, 7z, for |71<2.5 and both z>100 MeV and p
>500 MeV at Vs = 13 TeV for the MB and the HMT events. The parameters pand J resulting
from a joint fit to the MB and HMT data are presented. The total uncertainties are shown.

PT BEC Fit Mch MB HMT
Threshold Parameter Equation Region Events Events
A(mch) =y e_émCh > 100 MeV fl(!’?’lch) (4) Y = 1_027"_’%%?%
_ 0.050
6 = 0.03979:023
R(my,) = amg, R(m,) (5) <19 |@=254701 fm| —
R(mep) = B R(mch) (6) > 3.08 B = 335"_-8203 fm
> 500 MeV  A(me) (4) y = 0.55510- 124
_ 0.022
6 =-0.0217,
R(meh) (5) <19 |a=2.02707% fm —

R(mep) © =417 B =2.7870% fm
31/08/2023 - 18
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0 Comparison of €,%t%(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 C,” ™V(Q) to C, ™V(Q) (bottom panel) are presented.

[ Comparison of C,%%(Q)
> (a) for representative multiplicity region 3.09<m,<3.86 and
» (b) for representative k+ region 400<k<500 MeV.
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K DEPENDENCE OF BEC PARAMETERQ

- 1_35‘ L B BN
=N Lt% ATLAS Internal Vs =13 TeV -
. inl < 2.5 ————— -
0.8+ k. — (pT,1+ pT,Z) —
: 2 -
0.6 ( ) —
0.4 . -
- 4 MB,p_>100 MeV — Expo fit .
0 2‘_1 HMT, p =100 MeV ... Expo fit N
ko MB, P ?5{][] MeV --- Expo fit =
[ O HMT, p > 500 MeV - - Expo fit i

A PR RN BT SR SR SR B

0.2 04 06 0238 1 1.2 14

k; [GeV]

4.5

R [fm]

4
3.9

3

EEEEEEEEEE

'ZZD-ih-

Vs=13 TeV

ATLAS Internal

_IIIIIII|IIII|IIII.|IIIIIIIII|IIII|IIIIIIIII_

MB, p_ > 100 MeV — Expo fit
HMT, p > 100 MeV ... Expo fit
MB, p ]S 200 MeV --- Expo fit
HMT p > 500 MeV - Expo fit
1L | 1 I 1 1 L 1 I L 1 1 I 1 1 1L I 1 1L
0.2 D.4 D.B D.B 1 1.2 14
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U The 4 dependence of (a) the correlation strength, 4(4), and (b) the source radius, A4),
obtained from the exponential fit to the A,(¢) correlation functions for tracks with z2>100
MeV and 2,>500 MeV at Vs=13 TeV for the MB and HMT events.

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

d The curyes represent the exponential fits t0.4(4x) S A £7).
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FIT PARAMETERS OF K DEPENDENCE OF BEC PARAMETERS A@AS
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The results of the fits to the dependencies of the correlation strength, .7, and source
radius, 4, on the pair average transverse momentum, 4=, for various functional

forms and for MB and HMT events for z4>100 MeV and p>500 MeV at 13 TeV.
The total uncertainties are shown.

BEC Fit PT MB events HMT events
Parameter Equation  Threshold
Alkr) = pe* A(k) (7)  >100MeV  p = 1187010 p = 1.0970-98
v =1.27t020 Gev-! v =0.89*0:19 Gev~!
> 500 MeV  p =2.10*0-79 p=1.68709
v = 1717922 Gev™! v =1.29*0-47 Gev~!
R(kr) = ek R(kr) (8) > 100MeV ¢ =2.98%-3 fm £=3.517018 fm
k=0.23"02) GeV™!  k=0.19*016 Gev~!
> 500 MeV & =2.71*9-3 fm &=2.92798) fm

— (.38 -1 — 0.53 -1
k =0.3077-7¢ GeV k =0.137 22 GeV

31/08/2023 Yuri Kulchitsky, JINR & IP NASB 21




2-DIMENSIONAL BEC PARAMETERS

The two-dimensional

surfaces for 2.>100 MeV

& p>500 MeV for

» (a) & (c) the correlation
strength, A, and

» (b) & (d) the source
radius, 4,

obtained from the

exponential fit to the

£,(Q) correlation functions

using the MB sample for

m,<3.08 and the HMT

sample for z,>3.08.

31/08/2023
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MULTIPLICITY &ND K, DEPENDENCES OF B
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1 The A for p>100 MeV:

(a) as a function of 4 In
selected low 7z, intervals,

{ (b) as a function of 4+ In
| selected high 77z, intervals,
E (c) as a function of 7z, In 4

“intervals between 0.1 and

10.5 GeV, (d) as a function of

mg, IN A4 Intervals between

10.5and 1.5 GeV.

1 The error bars and boxes represent the
] statistical and systematic contributions,
] respectively.
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R [fm]

R [fm]

5—' L L L = O L B L
45F ATLAS Intemal (5 =13Tev 3 % 45 mema G=137ev 1 [he R for IUT>1OO MeV:
4E |r]|<:2_5,pT>1{][]MeV —f 4F _|r]|<2.5,pT>100MeV 3 . .
. s Mam,-005-032 3 35t g gl 1 | - B =308-335 (a) as a function of /{'T In
hi: e I A M = g szl selected low 77z, intervals,
| o " (b) asafunction of 4 in
; () - x (b) 1 selected high 7z, intervals,
b T N g7 (C) as a function of 7z, in £
0 0.5 1 15 2 2.5 . [GeV] - C
 [GeV) " 1 Intervals between 0.1 and
b Gimtev | amasmema 1 E L rimre amasiena 3 0.5 GeV, (d) as a function of
af I <25,p;> 100 Mev 3% E m<25p,>100Mev 1 m, in 4 intervals between
35F E 5E i 4 °°°C T
o apantl . = 41 0.5and 1.5 GeV.
25F B REEs = E
Z iy E d) ;
55 : E . HS&,) : The error bars and boxes represent the
. ;_ (C) o AT k-0 X0keV 3 T amr oomowone ] Statistical and systematic contributions,
e MB 'V HMT kr=4m-5mhﬂe‘\f = YMB  THMT k. =1000- 1500 MeV -
- P ——————————d respectively. 2
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ATLAS Internal .
- Inl <2.5, P, > 500 MeV -

s=13TeV -

O MBm,=281-349

® HMTm,,=336-367
B HMTm,=392-435
A HMTm, =4.91-565]
v HMTm, =645-843 ]

The Afor p>500 MeV.

1 (a) as a function of 4; In selected low 77z, intervals,

(b) as a function of 4 In selected high 77z, intervals,
(c) as a function of 7z, In 47 Intervals between 0.5

and 1.5 GeV.

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



R [fm]

- = = = =
S R

= 500 - 600 MeV
=600 - 700 MeV

1000 MeV

AMB AHMT k =700-
YMB VHMT k_ =1000- 1500 MeV
L 1 I L L I L I 1 L L
2 - 6 8
31/08/2023

My,

o 5_ T T T T T I T ! ! | ! ! ! ! | = 5
E - = = = I I I ' I ! ' ' ' | ' I I =
~ 45 ATLAS|Intemal  {s=13TeV - £ 45F ATLAS|Internal {5 = 13 TeV 3
af Il <25, p; > 500 MeV 3 ® A3 Inl <2.5, p > 500 MeV 3
3.52— ® MBm,=009-0.28 i 3.5E o MBmm=2.81—3.49_§
3f A MBma— 108130 3 o HNTm,=336-367
E 3 = HMT m,, = 3.92 - 4.35 3
25 fu : m:m: ;ﬁ: ;2; ; 25F : HMTE;"=4.91-5.55—:
oF Ay —H# ' = E = L Y HMT m,,=6.45-8433
= S © HMTm,=281-3127 2 =
15E 0 HMT m,=3.12-3.363 155_ ' E
15 — S E
= ] = b =
0.5F (a) = 0.5E ( ) =
S Loy = =
905 1 15 2 o —— L 3
T T T T T ] Kr [GeV] K [GeV]
" | ATLAS Internal_[fs = 13 TeV E
n<2spesiave (C) 3 The R for 2:>500 MeV:
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i (c) as a function of 2
7 and 1.5 GeV.

my, Intervals,

mg, In A4 Intervals between 0.5

1 The error bars and boxes represent the statistical and
systematic-contributions, respectively.
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R <M_,> DEPENDENCE FOR K;FITS WITH P;>100 &500 MEV

A€ (mep) = 3.64 + 0.04(stat.) *0-22 (syst.) [fm] C 3

| | [— T T T | T I
£ SE ATLAS Internal S=T5Tev
d C mi<25 | ~H— 12 25
4 E_ ol _E v 5
S i i 4 15
23_ A‘T\ R(mch) - B 1
- . N
= £(mepn) = 2.65 = 0.10(stat.) *9-21 (syst.) [fm]
- L] J
oF 4 MB, p_>100 MeV _ =
- a v HMT,p_>100 Mev — COmstit 3 —05
1= ( ) o MB, p_ > 500 MeV — -1
- o HMT, p_>500 Mev ~~~ “OMStit - 45
1 | A | | i | A A i | A ; A | A n :
270 2 4 6 8

R(kr) = £e7**

The parameters(a) & and

MeV and for tracks with 2r>900 MeV, respec flve

mC -
(b) x, describing the depend'ence of the source radius,

EEEEE AS

;I T T I T T T I T I T T I T T ;
s ATLAS Internal s =13 TeV
2 m<25 . MB,p_ > 100 MeV 3
- HMT, p_> 100 Mev — PO =
- > MB, p_ > 500 MeV L
- T - —]
- . HMT,p_>500Mev ~~ SPOT
5 i é
— e (L] =
3 LTl o Tt E
- il Jﬂ fA -
f_I | 1 P T _I T ._f

0 2 4 6 8

mch

/£, on charged-particle scaled
multiplicity, 77z, for track z>100 MeV and track z>500 MeV in the MB and HMT samples at V.s =13 TeV.
The error bars and boxes represent the statistical and systematic contributions, respectively.
(@) The black solid and blue dashed curves represent the saturated value of the parameter ¢ for 72,>3.0 for tracks

with 224>100 MeV and for 72,,>2.8 for tracks with 2>500 MeV, respectively.

(b) (b) The black solid and blue dashed curves repreKslentkth“eN ReéE(N)Arg)gntlal fit to the parameter « for tracks with pT>1OO
k Kulchitsky,



LAMBDA <M,> DEPENDENCE FOR K, FITS WITH P,>100 &500 MEV &)

ATLAS
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[ . ) B <25 _
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3 | = - ]
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20 Il ] N 7
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Akr) = pe™  Kementinenorban e (pr>500 MeV) = (pr>100 MeV) o

The fit parameters (a) # and (b) » describing the dependence of the correlation strength, .7, on
charged-particle scaled multiplicity for track 2>100 MeV and track z>500 MeV in the MB

and HMT samples at Vs=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
4 (V) onigrggsfor tracks with 2>100 MeV (zy>500-Me\f). 28
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SR e 6081’(1']..1’5 & CMS BEC RESULTS COMPARISON: 7., " iooeeis

Ly | _I_ _l g _I 1 ] I '| I L) I I 'I I L) I ] I I L) 1 L) | I --'I_..'I L] L) I_
E 4F 1E  4F ATLAS Intemal (s=13TeV .~ E
© 35F 4 35F p,>100MeV -
3 = 3 =
2.5 - 2 5F =
o ATLAS |s=13TeV - - -
- p. > 100 MeV . 2 ot E
1.5F , = 156 T o =
1E 4 MB,p >100MeV -- \n, fit E - E a MB (corrected) - - \|n,, fit .
s r HMT. D 2100 MeV _ Constfit T4 =, H v HMT (corrected) — Const. fit |
05E o CMS, HCS method - i, fit £ (b 5 CMS, HCS method --- S\ fit -
- — Constfit - 0.5 — Const. fit -
_I I i [} [l 1l I 1 1 1 i I [l 1 1 1 I 1 i [l [l I 1 1 1 [l I [l [l 1 1 I 1 [ T : :
03 50 100 150 200 250 300 0= 5 B I S S —
nch
Nen

4 The ATLAS results for |71<2.5 and z>100 MeV for the source radius A as a function of
(a) 7, and (b) 72,,%3% in gpinteractions at 13 TeV.

d The CMS results (circles) for |71<2.4 and rescaled to z4,>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 31/08/2023 Yuri Kulchitsky, JINR & IP NASB
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CONCLUSIONS £

EEEEEEEEEE

The two-particle BEC of like-charge hadrons with track z-thresholds of 100 and 500 MeV and
|74<2.5 produced in zp collisions at V.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, Zand 7, are studied as functions of a scaled charged-particle multiplicity
m,,, the pair average transverse momentum (4+) and in (772, 47)-intervals.

The parameter Az, is found to increase as a7z 33 for low multiplicity for 2, thresholds.
For >100 MeV,  a=2.54*012 . fm, for scaled multiplicity up to 7z, = 2.

QdFor m,>3, the source radius # saturates at a value £ =3.35*020 .o fm, confirming the
previous observation of a high-multiplicity plateau by ATLAS at V.s =7 TeV. For z,>500 MeV,
the behaviour of 2 is similar and lower.

dThe parameter A(72,,) decreases with multiplicity for the lower 2 threshold and is lower
for the higher 2 threshold but increases slightly with multiplicity.

dThe parameters A4 and A(4;) both decrease with increasing pair average transverse

momentum 4.
O The radius parameter £ also decreases with £ for 2.>100 MeV, decreasing more strongly in the lower 7z,
Intervals. For z,>500 MeV the behaviour of Zis rather flat with 47. As a function of 7z, & increases and reaches

a platepu at large multiplicity in all 77z, intervals and for both 2. thresholds.
A 31/08/2023 Yuri Kulgp|t‘sl<y,Jl‘l\’I‘F’{;§_all\P ASB 31
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High-multiplicity event with 319 reconstructed tracks.
The shown tracks are from a single vertex and have pr > 0.4 GeV

amas 20 T TE

EXPERIMENT

Run: 312837
Event: 135456971
2016-11-14 07:42:28 CEST
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EVENT CORRECTIONS

ATLAS
We correct the events on: w(n) = 1
gtrig (n) “Evert (n)
a—. 1:'—| — T " LA B S—_ L - - - J-:
éo_ggi_ t - _i ﬁ N T T - | R
5 ool f MB trigger E I~ - :
E=2 - 4 Date 1 o 0.98 =
— o.97- — — - ]
:_+_ ATLAS Internal - E 0_96_— —]
0.96 ig‘;:z 1232T.f:: > 100 MeV, || <2 5 — > - _
- . % 0.94- —
POSTETIAT e e e 8 g gor % Data E
E U ATAS e ' - 0.9" ATLAS Internal =
1.2 ¥Ys=13Tev J B Vs=13 TeV ]
15_ P, =100 MeV, n| <2.5 . 0.88F ni%z>2 p_>100MeV, |n| <25 -
o.8f- T 3 0.861 |||||_:
0.6 _ = 2 3 4 5 6 7 8
ol — HMT trigger E nno-z
oz E The vertex reconstruction
% - - | M L 1 I | 1 u u
0 a0 100 120 140 160 o e.l'.fICIenCy’ gvert (n)
The MB or HMT triggers efficiency, g (n) 34



MINIMUM-BIAS EVENT SELECTION CRITERIA A@

Events pass the data quality criteria. “Good events”:
¢ all 1D sub-systems nominal conditions,

» stable beam,

+» defined beam spot

» Trigger:

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

> \ertex:
* Primary vertex (2 tracks with p>100 MeV),
¢ Veto to any additional vertices with >4 tracks,
» Tracks: At least 2 tracks with p;>100 MeV, |n|<2.5;

s At least 1 first Pixel layer hit;
% Atleast 2, 4, or 6 SCT hits for p;>100, 300, 400 MeV respectively;
s IBL hit required if expected (if not expected, next to innermost hit required if expected);

% Cuts on the transverse impact parameter: |d,B-/<1.5 mm (w.r.t beam line);
% Cuts on the longitudinal impact parameter: |Az,Sin®|<1.5 mm, where Az, is difference between z,"aks & zvertex;

% Track fit x? probability >0.01 for tracks with p:>10 GeV.

Correct distributions for detector effects:

¢ where possible the data used to reduce the MC dependencies
s Mostescatlo derived corrections for tracking vuri kuichitsky, JINR & 1P NASB 35
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Track reconstruction efficiency

total error

rel.

TRACK RECONSTRUCTION CORRECTIONS

Performed corrections on:

1. The reconstruction track efficiency — ¢ (pm
2. The fraction of non-primary (secondaries and fake) tracks — f,,,,(Prm),
3. The fraction of tracks for which the corresponding primary partlcles are outside the kinematic range — f,,..(p+,m).

4. The strange barion tracks — f (prm),

EEEEEEEEEE

(1-fnonp(pyn)—fokr(py,n)—fsb(p,n))

e(ppM)

We use the formula, as in MB studies: |W; (pT,n) =
12— > e 25
[ ATLAS Simulation Intemal ;8 0.95¢ ATLAS Slmulatmn Internal i
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Yuri Kulchitsky, JINR & IP NASB

The primary track
reconstruction efficiency
integrated over p; (left),
integrated over n (middle)
and as function of p; and n
(right). The green shaded
error band includes the
total systematic and
statistical uncertainty
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THE PHASE SPACE CORRECTION

P, [GeV]
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ATLAS Simulation 1 —°°

s =13 TeV —20

E & EE : : & B RiEE i s & E il
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EXPERIMENT

Syst. uncertainty on OQOPS fraction

Figure 16: The out of phase space correction (OOPS) in pr and 7 bins (left) and the systematic uncertainty on the out
of phase space correction fractions (b). The systematic is made up of several contributions added up in quadrature,
where each contribution is calculated as the difference in migration fractions between samples (see body text for

further explanation).
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PILE-UP FOR HMT AND MB EVENTS £

MENT
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Mean number of tracks (pile-up tracks) per event: MB — 26 (0.0005) tracks/event; HMT — 108 (0.01) tracks/évent

The distribution of the distance between Z
coordinates of Primary Vertex and Pile-Up
1 Vertexes for MB and HMT events for Data
1 (left) and Data corrected on MC (right)

For MB events the number of pile-up

1 vertexes in the Primary Vertex (PV)

region +4 mm is ~520 after correction on
MC, and the number of tracks in Pile-up

~J 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

3 vertexes in the Primary Vertex (PV)

region £4 mm is ~4150, after correction
on MC, and the number of tracks in Pile-

1 up vertex is 23. Therefore the fraction of
J 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
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MULTIPLICITY UNFOLDING FROM MB ANALYSIS £
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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
n., but high n . These events are caused by the tracking inefficiency where no track were found.
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COULOMB CORRECTION 45

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

where N,....(Q) is the measured distribution, N(Q) is the distribution free of Coulomb correlations. | N cas (Q)=G(Q)N(Q)
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quow correcthn fa(_:tor for Ilke-5|gn_ed (LS? particle with and without Coulomb _ L E
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for ratio of US to LS (black) interactions - f - a0 -
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TRANSVERSE THRUST (T) & SPHEROCITY (S) £

EEEEEEEEEE

: > pr A | Pencil-like event: two partons emitted in opposite
Transverse thrustis T = max > p,  directionsin the transverse plane, with 7=/ & S=0

where the sum runs over all cnarged i,

particles, the thrust axis, fi; maximizes
the expression. For n>2. The solution for . /=
is found iteratively: mg-» = 2@ PP 4

where g(x>0)=1 and &(x<0)=—1. - iy gl 4
- - Thrust axis (T=0.99) — - - Thrust axis (T=0.98) - 270
- - Spherocity axis (5=0.01) & - - Spherocity axis (5=0.04)

(a) Pencil-like events

. . z? i P+ >< A |
Spherocity is °~ Tﬁ<E?1?o>T(Zzp o, j

where the sum runs over all charged
particles and the vector &, minimizes
the expression. For n>2.

Spherical event: containing several partons emitted
isotropically, with T=2/1 & S = 1 |-= ssherocty axs (s-099) %" " Spheroty avis (5=0.95] 1"
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COMPARISON OF C, (Q), £,(Q) WITH @HP R’EE ERENCE \)AMPLES AT 13 TEV A@AS
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aigey L The origin of bump: pencil-like events with jets.
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CMS BEC13 RESULTS: P,>200 MEV
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COMPARISON OF B

EC R & )\ WITH UCP/OHP/MIX REFERENCE

SAMPLES 0.9 &7 TEV @

EXPERIMENT

ATL-COM-PHYS-2013-295, Support note for “Two-particle Bose-Einstein correlations in pp collisions
at Vs = 900 GeV and 7 TeV measured with the ATLAS detector at the LHC”
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COMPARISONS: CMS BEC13 RESULTS
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Figure 5. The .

method in pp collisions at 13 TeV compared to results for pp collisions at 7TeV from CMS (left)
and ATLAS (right). Both the ordinate and abscissa for the CMS data in the right plot have been

adjusted for compatibility with the ATLAS analysis procedure, as explained in the text. The error

fit parameters as a function of particle-level multiplicities using the HCS

bars in the CMS [5] case represent systematic uncertainties (statistical uncertainties are smaller
than the marker size) and in the ATLAS [15] case, statistical and systematic uncertainties added
in quadrature.
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