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STUDY OF MINIMUM-BIAS EVENTS

VER
Understanding of soft-QCD interactions Hadronisation j’ T’:‘..’}};f‘\
has direct impact on — precision measurements; modeling 3 \//{f/
searches for new physics N/ 5V ;2/}'
Studies include: Charged-particle distributions in pp W 9 % % ‘ Y% Parton shower (nfial
interactions at 0.9 — 13 TeV SN T F ) g 17 randfinal stte radiaton
» Satyendra Nath Bose — Albert Einstein Hard interaction ,,.; 1 , £
correlations (BEC) e N VL
o represent a unigue probe of the space-time T G N
geometry of the hadronization region == ==
o allow the determination the size and sha@e% gg‘mnams
the source from which particles are emitte v b > a Mgy parton nteracton
» Underlying events distributions in pp interactions L;/‘ BN OX (underying event)
Provides insight into strong interactions in °«/' 7'71 &\ 3\\‘3
non-perturbative QCD regime: | ‘;:‘"i\ ) I}\ “

o Soft QCD results used in Monte-Carlo generators tuning,
o Low?¢nergy QCD description essential foresimtHating multiple pp interactions



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

y [ dz - >
‘ - C(d) = by 1 Varying d,g one
A\, - 1. ><1> learns the angle, and
L using the individual
=7+Acos(d,g) wave vectors, the
| physical size of the
= =1y dpag = NVO source
—intensities, <x> - averaging over random phases
A is the wavelength of the light, 6 = d,/L

Roy Jay Glauber - awarded in 2005 Nobel Prize in Physics
"for his contribution to the guantum theorv of optical coherence"



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 C,(Q) a ratio of probabilities:

p(Py, Py) 2 Q°(4,RQ)=2e*¢
ColQ ==y = Coll+ QLRAEFQe)._Q°==(p, = p,) QF(1,RQ)= 26 ™

C, Is a normalisation, & accounts for long range effects, R is the effective radius parameter of the source, A is the strength of
the effect parameter, 0/1 for coherent/chaotic source. Two possible parameterisation: Gaussian and Exponential.

o, —— N . without BEC effect from: unlike-charge particles (UCP),
c,(@-N__ Q) o dsrbutonof

N e Q) opposite hemispheres, event mixing. Basic Reference: distribution of
UCP pairs of non-identical particle taken from the same event.

. P(++’—_y The studies are carried out using the double ratio correlation
cr(Q) p(+-) Y

CM Q) PV (4, —) function. The R,(Q) eliminates problems with energy-momentum
i ’ AMCH—) conservation, topology, resonances, hadronic jets, mini-jets etc.

13.02.2019 MC without BEC. 4

R, (Q):




ATLAS DETECTOR

The focus of ATLAS is high-p+ physics, and also provides a window onto important soft QCD processes.
These have intrinsic interest but also the understanding of underpins searches for new phvsics.
Task P Bose Einstein Correlations | Two times better tracks impact

I parameters resolution at 13 TeV

\)

ATLAS Inner Detector (ID) main tracking device:

Consists of Pixel, Silicon strip (SCT) and drift tube (TRT)
detectors. Single hit resolution between 10 pm (Pixel) and 1 R = 225
um (TRT). New: Insertable B-Layer (IBL) in the Pixel BESa

PIXELS R=305MM

13.02.2019 Y.Kulchitsky, LNP, JII 153! R = 332MM
R = OMM



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

2.08<[n[<3.86* ——

Nm—— e = * Pseudorapidity Is
- R defined asn = -
In(tan (6/2)), 0 is
the polar angle with
respect to the beam.

2.76<n|<3.8

> 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

13.02.2019 Y.Kulchitsky, LNP, JINR 6



MINIMUM-BIAS AND HIGH MULTIPLICITY TRACK TRIGGERS

» For these analysis the events collected with Minimum-bias (MB) trigger named
as HLT noalg mb L1IMBTS 1 were used.
 This trigger required at least one hit in one of the 12+12 sectors (A and C
sides) of the MBTS detector.

v" Integral Luminosity ~151 ub~!; Statistic: 9.6x10° events with 2.8x108 tracks

» For these analysis the events collected with High multiplicity track (HMT)
trigger named as HLT _mb _sp900 trk60 hmt L1IMBTS 1 1 were used.
dHigh-multiplicity track (HMT) events were collected at 13 TeV using a
dedicated high-multiplicity track trigger:
¢ 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

13.02.2019 Y.Kulchitsky, LNP, JINR



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

319 reconstructed charged-particles!

ATLAS

EXPERIMENT

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

13.02.2019 Y.Kulchitsky, LNP, JINR




MINIMUM-BIAS EVENT SELECTION CRITERIA

Events pass the data quality criteria. “Good events”:
¢ all ID 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;
¢ IBL hit required if expected (if not expected, next to innermost hit required if expected);
» Cuts on the transverse impact parameter: |d,24<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 pr>10 GeV.

Correct distributions for detector effects:

\/

** where possible the data used to reduce the MC dependencies
s Monte:&aslo derived corrections for tracking  vkuichitsky, Lp, Jing 9

(R )

)

(R )

(AR)

L)

CAR)



EVENT CORRECTIONS

We correct the eventson:  |y(n)=

1
gtrig (n) "Event (n)

= 1= - - 1 LA B S L = = - J-:
éo_esf— —f a b T l I ]
D u —— i N - e -
5 ool MB trigger 1 s : ]
= - = 1 o 0.98- ; =
— o997k — = N ]
E_+_ ATLAS Internal - E 0_96_— —]
0.96 :'Eg,:z 1232T?:: = 100 MeV, |i7] < 2.5 — > - 1
= . % 0.94- ]
0_95 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | : D :
4 6 8 10 n_',;';;:'f g 0_92:_ = Data =
= 14— 71 71 7 T " T T 0 9__ ATLAS Internal _
e 3 g:fgfﬂlnternal E -~ VS < 13 Tev -
12:"'5_ p, = 100 MeV, n| < 2.5 0.88F %222, p_>100 MeV, Jf] < 2.5 =
0.8} T 3 0.86 |||||_:
0.6 _ - 2 3 4 5 6 7 8
0.4k HMT trigger  : nnoz
oz E The vertex reconstruction
Qo806 700 120 140 160

efficiency, € (N)

The MB or HMT triggers efficiency, ztrig(n) ; 10



Track reconstruction efficiency

total error

rel.

Performed corrections on:

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

4. The strange barion tracks — f, (pt,n),

We use the formula, as in MB studies:

1.2 A
ATLAS Slmulatlon Internal
[ (s=13TeV < Minimum Bias MC
:nmzZ,pTHODMeV [n| <2.5 :
06f * ]
04F
02
[ | il
1.2 I T ]
1.. ................................................................. ..
0.8: - '
107" 1 10

0.

Track reconstruction efficiency

rel. total error

=

= =
oy g~ oo
*

TRACK RECONSTRUCTION CORRECTIONS

w; (pT,n) =

(1-fnonp(pyn)—fokr(py,n)—fsb(p,n))

e(ppM)

—

95 ATLAS Simulation Internal
(s=13TeV H- Minimum Bias MC

0.9 n, ,22,p.>100 MeV, [n| <25

-:I B
g e,

1_2_ I'I'IllllIIII'I'I]'IIIIIIIII'|'I'IIIIIIII[I’I'I'I'IIIIIII'I ]
1_ ................................................................. ..

8:....I....I....I....I....|....I....I....I....I....:

-25-2-15-1-050 05 1 15 2 2

n

25

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



MULTIPLICITY UNFOLDING FROM MB ANALYSIS

p, > 100 MeV, [n| < 2.5, n_, = 2 Pythia8_A2_filtNch

= 300 e e e e 8 _ p, > 100 MeV, In| < 2.5, nmzzPyﬂ'niaﬂ_AIE_ﬁltNm
<= ' " = 10 0.9
7
250 - 0.8
6 0.7
200F i nrew =
. 5 0.6
1501= A4 0.5
- 0.4
100k ... . =i 3
S 0.3
i 2 0.2
502 . '
s : 1 0.1
0 r | 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 ] 0 | 1 1 1 i i 1 1 D
0 50 100 150 200 250 300 0 2 4 6 8 10

nsel

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

COULOMB

Gamow penetration G(Q) factor G(Q)= 21N
21N
e -1
5 16p
'E |
E 1.5 [.*I'.'I'.-’H'E-ngﬂed I:;USJ
= g US/LS — like-signed (LS)
2 1.4 T —— USLS
gk
1.3 1\
. §
1.2HH
: 13‘\\ +15% US
P
08f -15% LS
0.8F-
0. Ti ! ] 1 ] ] 1 ] | | | 1
0.2 04 06 0.8 1
20 MeV Q [GeV]

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

CORRECTION

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

Sommerfeld parameter n

N ees (Q)= G(Q)N(Q)

]/]:

o,

Q|

c2(Q)
&)

1.8

1.6

1.4

1.2

— F5Il enhancement

measured C.(Q)

Gamow correction factor for like-signed (LS) particle pairs

ratio of US to LS (black curve)

13.02.2019

Ratio of the same two particle C,(Q) correlation functions with

and without Coulomb correction. FSI is final state interactions

Y.Kulchitsky, LNP, JINR
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RESONANCES STUDY

T A 03 | l | | |

| ! 1 I ! ! | | ! I ! | ! | | ! | | | |
i - _
" - Int rn I Entries _
H 5000—ATLAs ema A 37010406 + 49570305 —]
”‘2’ B Q, [GeV] 0.2548 £ 0.0277 |
i o 01311+ 0.0167 _
,-I-\ - - A, 3.48e+06 £ 9.13e405
+ 4000 Q [GeV] —
ot B A 01128 £ 0.0130 |
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e'e* pairs
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Left: Difference of unlike-charge particles (UCP) and like-charge particles (LCP) distributions fitted by 3 Gaussian.
Right: UCP N(Q) spectra for the track pairs with both tracks from resonances of the same type.

13.02.2019

The Q spectrunxgeneratedby Pythia8 A2.
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1

0.99
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Inclusive HMT two particles R, correlation function

ZOOM OF INCLUSIVE R, DISTRIBUTION

- ATLAS Internal

C n,, =91-300

- \/_-13TeVp > 100 MeV, | < 2.5, Q =20 MeV

" HMT trigger

m-underestimation -

e R, (Q)
— E fit

R -overestimatio

-.-...

III?'IIII'IIII|IIII|IIII|III

I

- :—n— - 0—0—0—0-
-9 _._-0- E
> <
— Q)
:I I,Ill | | | | 1 | 1 | | | I III | | 1 | | | | | |‘|) | 1 | | | | 1 | | Ij
2 03 04 05 06 0.7 08 0.9 1

Q [GeV]

Three bump regions because MC

underestimated or overestimates:

1) n—oatnnl and n’—ntry;

2) o—ntal and p—nt,

3) fon'm;

The excluded regions at 13 TeV

1) 0.2-0.3 GeV — not important
after non-closure correction:;

> excluded 2)  0.4—-0.9 GeV — important;

3) 1.0-1.16 GeV (only for
2<n4,<40 and 100<k;<200
MeV) — not important for BEC.

R,=C,da®/C MC =N, /N, Nyc"/Ng The excluded region at 7 TeV was
Y.Kulchitsky, LNP, JINR 05—09 GeV 15
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The two-particle double-ratio correlation function, R,(Q), for pp collisions for track p,>100 MeV at 13 TeV in the multiplicity

EXAMPLES OF R,(Q) D

ISTRIBUTIONS FOR P>100 MEY

el =TT | | = S = I R
= 18  ATLAS Internal 's=13TeVMB | = eF ATLAS Internal Vs = 13 TeV HMT
p, > 100 MeV, n| < 2.5 . ) p, > 100 MeV, n| < 2.5 =

16 n,=71-80 ] 1.5 ng, =231 - 300 7

H R = 3.00 + 0.07 [fm] e R,Q) . = R =3.4 + 0.1 [fm] e R, Q) —

B A =091+0.04 — G ian fit 7] 1.4 A =0.80*0.05 —— Gaussian fit —

3 =UITEE aussian 1t | o = x2/ndf = 50/65 =

1.4 i ¥%/ndf = 6265  ---- Exponential fit ] =t = Exponential fit —

Tl ] 1.3F =

- - 1.2 =

1.21— — — —

B i 1.1 —

1__ s —; 11— enacen - - esreenscny

B 1 - <> = > excluded B

I — I - 0.9 =, .| | | ' | | | A

L o= N - 50 @0 v@f}; _ﬁbc;%n;_no_ce_a o B A 5" oo o ° % B‘C’: o ©
c e O---—- 6o 09®- T X &) O ro ° o % o 5 @
= —2F° o ° - = S LR PRl et bl s S o - o
<l - o . =] 2 o o ]
%0 02 04 06 08 T2 14 16 18 2 0O 02 04 06 08 1 12 14 16 18 2

Q [GeV] Q [GeV]

intervals (left) 71<n,<80 for MB events, and (right) 231<n,<300 for HMT events. The blue dashed lines show the results of the
exponential fit. The region excluded from the fits is shown. The statistical uncertainty and the systematic un-closure uncertainty

taken in quadrature are indicated. The difference between the experimental R2(Q) function and the result of the exponential fit
normalised to the experimental uncertaint%/, AR2(Q)/o(Q), Is presented.

13.02.2019
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COMPARISON OF C, (Q) AND #£,(Q) WITH OHP REFERENCE SAMPLE

8 S L L L L L L - —_'"|"'|'"|"'|"'|"'|"'|"'|"'|'_—
S 3 \ ATLAS Internal Vs = 13 TeV HMT = 4, "\ ATLAS Internal (s =13 TeV HMT -
E \OHP, p_>100 MeV, fn<2.5 E i, \OHP, p_>100 MeV, <25 h

C. ng,=101-300, k_=1000 - 1500 MeV - L% Pe,=101-300,k_= 1500 - 2000 MeV -

:_ . cgata(Q) _: __ . o cgatﬂ(Q) __

= . (MC ] - o (MC ]

. ?%Dt HMT events 02 (Q) ] = o HMT events 02 (Q) _

- %, * Ry(Q) - - * Ry(Q) .

12f - L % :

o : - 1.2 x -

1.1_—'. ..... — :_ i

1:_ #,‘m Gf*t“ _________________________

:I co v v v v b v by v b v by v s P by . s e b b b b b b Py n i

0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 1.2 14 16 18 2

Q [GeV] Q[GeV]

Comparison of single-ratio two-particle correlation functions, C,%%(Q) and C,M¢(Q), with two-particle
double-ratio correlation function, R,(Q), with the opposite hemisphere (OHP) like-charge particles pairs reference
sample for HMT events for kT-intervals: (left) 1000 < k; <1500 MeV and (right) 1500 < k; <2000 MeV.

Y.Kulchitsky, LNP, JINR
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SYSTEMATIC UNCERTAINTIES FOR B

The systematic uncertainties of the spread for n, distribution and inclusive fit BEC parameters, R
and A. The systematic uncertainties are combined by adding them in quadrature and the resulting
values are given in the bottom row. The same sources of uncertainty are considered for the
measurements in multiplicity, ng,; the average pair transverse momentum, k; the two-differential
measurements in (ng,; k;)- intervals, and their impact on the fit parameters is found to be similar

C AT 183 TEV

In size. 13 TeV 13 TeV (HMT)
A R 1 R A R A R
Sources ) (o) () (B Co) (&) (%) (%)
neh — spread | Inclusive Nep — spread Inclusive
1. Track reconstruction efﬁciency: w+8w Track reconstr. efficiency  0.0-0.4 0104 |03 0.1 0.1-0.2 0.01-0.1 [ 0.2 0.01
2. Monte Carlo: EPOS, Pythia8 Monash Track splitting and merging negligible negligible
3. Coulomb correction: £15% Monte Carlo samples 0.0-69 0570 |11 14| 1.0-16. 1.0-14. [14 0.7
4. Fitted range of Q: 2 GeViSch(O.l GeV)|Coulomb correction 1.o-2.0 0.01-0.6 [ 18 0.1 L7-19 02-04 |18 0.9
5. Starting value, Q,,: 10, 20, 30 MeV  Fitted range of 0 0.0-0.5 0.02-0.9 {02 0.3 0.0-0.2 0.0-0.2 ]0.02 0.03
6. Binsize: 10, 20, 30 MeV Starting value of Q 0.0-1.9 0.01-1.1 { 0.3 0.2 0.5-14 03-0.7 [0.7 04
7. Excluded intervals: £20 MeV Bin size 0.0-24 0.1-1.5 [ 08 04 1.0-1.7  04-09 |13 06
Exclusion intervals 0.0-1.1 03-08 |01 0.3 04-0.6 03-06 [05 0.5
13.02.2019 Total  viuichitsky, tvp g 1.3-7.9  0.9-7.2 |24 1.5 3.0-17.  1.0-15. 2.8 1.2




MULTIPLICITY DEPENDENCE OF BEC PARAMETERS AT 0.9 -13 TEV
EPJC 75 (2015) 10, 466; ATL-COM-PHYS-2016-1621

(< B I I I I | | I | I I | | I | I | I I I | I I I | | I I I | | B E‘ 4 __ I I I l I I I ! l I I ' ' | I_ ' I I | -!. : I I | ..I I I I
12 ATLAS Intenal  Data2009,2010,2015 - = | ATLAS Intenal R15=3.34:0.08 fm-(>100)3
S°P(Q), E fit, | < 2.5, Q =20 MeV, p,>100 MeV 3.5F ml<2.5,p >100MeV | A E
1 _ - - Co NEW]
e Pt : 3F i
08_ . e A : n .
- H . 2'55 % i -
06 M [l E 2 | L —
- e 3 - _ R,=2.28+0.32 fm < ]
04~ & g-s0Gev — Expott | °d 1.5 AL 5=900GeV - fyfitn, <82 N
B 5: 4{§=;¥emﬁsT i i :/;- ® {5=7TeVMB  --- \n,fitn <54 Q’b N
B s=7Te - g \s = 7 TeV HMT ]
02~ & E:Bm e meott - 11,-*’ ? 5=13TeVMB —— 3nfit,n, <60 Q& ]
- S = 7 TeV MB + HMT Expo fit - - ¥ (s=13TeVHMT ---- Constfi N 9<n..>
0_ | ll Jl§= 13|T(|5‘V IMBI+ HhIATIEXfJOIfIl Loy | l AR BN TR il 0-5 - {s = 7 TeV MB + HMT Const fit an Ch__
[ L 1 1 L I 1 | L 1 I | L 1 1 ] 1 L 1 1 |. L 1 1 L |. 1 1 L L
ng for2Xml=5 =
» The slope of an exponential fit of the A vs n, distributions decrease with increasing of energy. :
» The parameters a of the a-n_,' fit of R vs n, for n_,<55 at 0.9 TeV is =0.64+0.07 fm,
7 TeV is ¢=0.63+0.05 fm and for n_,<70 at 13 TeV is @=0.77+0.03 fm.
For multiplicity region n_,<70, the R values are systematically higher at 13 TeV than at 7 TeV.
» The R is a constant for n_,>55 at 7 TeV R=2.28+0.32 me &q% for n,,>100 at 13 TeV R=3.35+0.08 fm. .

The 1I§20f'szosl)'g/stematicalIy higher at 13 TeV than at 7feV/'but In the error bars is in agreement.



AVERAGE MULTIPLICITY DEPENDENCE OF BEC PARAMETERS AT 0.9 -13 TEV

Pt 1.2 T | I T T T | T T T I T T ] E‘ 4: | ' ! ' ' | .|_. :
- . ATLAS Internal ni<25,p_>100 MeV | ;:; 3.5F ATLAS Internal | E
1t _ ' E Inl<2.5,p, > 100 MeV
£ i 3 -]
0.8~ . 2.5 -
0.6 - 2F E
i : 1.5 -
0.4 5 900 GeV oo i — - ®m V5 =900 GeV —e S,Efit.mmﬂ.ﬁ .
- = e — = = - fit,t m_ =19 N
- e Gs-7Tevus o 5 i 1 o G-rTevie - Fn =
0 2_— ? E:EEEVHITE ] Z A (5=13TeVMB —— Ym_ftm, <19 .
TR v (s5=13TeV HMT _ - 0-5__ ¥ {s=13TeVHMT ---- Constiit —
- E:i’ %?L”nﬁs*fﬁﬂfléiﬁ ;utm | | g [}E T iIE -?ITeUIMEI.'-w- HI'uI"IT Cnl:rnst Ifit o ]

% > 2 5 8 10 0.5 1 15 2
1 dncp 23 m Mgy,

0 = — < ch ’-}
N =0 [ =58 Meh = Neh/ (Hm th)
2.5 ¢ ¢ ch

Dependence of the correlation strength, A(m,, ), and source radius, R(m,,), on average rescaled multiplicity, m,
obtained from the exponential fit to the two-particle double-ratio correlation functions, R,(Q), for pr > 100 MeV at

0.9, 7 and 13 TeV for the minimum-bias (MB) and high multiplicity track (HMT) data.
13.02.20191 Ne uncertainties shown represent the quadratic.sumeofithe statistical and systematic contributions. 20



ENERGY DEPENDENCE FOR <N.;> AT 0.9 -13 TEV

w 03— ——T7 7T = 32— 7 ]
- ATLAS Internal N = 33_ ATLAS Internal =
0.250 Ml <2.5, p_>100 MeV, Q=20 Ma\/ s "~ ml<25,p. =100 MeV,Q>=20MeV o g ]
. ' . 2ot L
B _ - Mm N — Expo fit +
B _ - C ]
- — Expo fit N 2.4 —
0.15 — ] L -
- - 2.2 —
0.1 — 2 —
- - 1.8 3
0.05 » __ — ]
I B L e 1 4: PR SR TR [ TN NN TR (NN NV A NN W (NN T SR SR AN T TR TR NN S S SN N S S .

% > / 4 6 8 10 12 14 45 2 4 6 8 10 12 14
Vs [GeV] Vs [GeV]

(030 + 0.06 + 005) e—(0.15710.019i0.003) [GeV~!]+/s ()(2/ndf — 2/2)

Energy dependence of the parameter 6 in Eq. ( 1) for correlation strength A from
the average charged particle multiplicity. Energy dependence of the parameter @ in Eq. ( 2)
for source radius R from the average charged particle multiplicity. The two points at 13 TeV
are MB and HMT results, respectively. The error bars represent the statistical and systematic
uncertainties.

(1.60 + 0.08 + 0.16) [fm] (0-032£0.0050.000)[GeVIVs (21,06 — 1 6/1)
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AVERAGE MULTIPLICITY DEPENDENCE OF BEC PARAMETERS FOR P-CUTS
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The dependence of the parameter correlation strength , A(m,, ), on rescaled multiplicity, m,, obtained from the
exponential fit of the R,(Q) correlation functions for tracks with p; > 100 MeV and p> 500 MeV at 13 TeV for the
MB and HMT data. The dependence of the parameter source radius, R(m,,), on vmen .

The uncertainties represent the quadratic sum of the statistical and systematic contributions.
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K. DEPENDENCE OF BEC PARAMETERS AT 0.9 -13 TEV SRS o) (@) A0, 2161
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» The amplitude of fit of AMB vs k; distributions is decrease from 1.2 to 0.23 with energy
Increasing.

» The slope of exponential fit of the R values vs k; distributions decrease from 1.5 to 0.2 with
Increasing of energy.
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ENERGY DEPENDENCE FOR K, AT 0.9 -13 TEV
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Energy dependence of the parameter v in Eq. (1) /for correlation strength A from
the pair transverse momentum. Energy dependence of the parameter « in Eq. (2) for source
radius R from the pair transverse momentum. The two points at 7 and 13 TeV are MB and
HMT results, respectively. The error bars represent the statistical and systematic uncertainties.
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K DEPENDENCE OF BEC PARAMETERS AT P-CUTS

ATL-COM-PHYS-2016-1621
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The k; dependence of the correlation strength, A(k; ), and (b) source radius, R(k;), obtained from the exponential fit to
the R,(Q) correlation functions for tracks with p; > 100 MeV and p> 500 MeV at 13 TeV for MB and HMT events.
The uncertainties represent the quadratic sum of the statistical and systematic contributions.

The curves represent the exponential fit of the A(k; ) and R(k+ ).
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MULTIPLICITY DEPENDENCE OF BEC PARAMETERS FOR (N, K;) FOR P;>100 MEV
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The multiplicity dependence of the correlation strength, A, and the source radius, R, for 200 < k; < 300 MeV obtained from @
exponential fit to the R,(Q) correlation functions using the MB and HMT samples.
The error bars shown represent the statistical uncertainties. The boxes represent the systematic uncertainties.
(left) The violet dashed curve represents the exponential fit of the A multiplicity dependence. (right) The violet dashed curve
represents the fitted the R(n,) dependence for+/ng, < 4.7. The violet dotted curve is a prolongation of the violet dashed curve to

stress a disagreement of the fit with data for /ncn > 4.7 region. The green dashed curve represents the constant fit of R.
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MULTIPLICITY DEPENDENCE OF BEC PARAMETERS FOR (N, K;) FOR P;>100 MEV
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The k; dependence of the parameters o used in the parameterisation of the R dependence on multiplicity in the
multiplicity region n,, < 100, and B, the saturation value for R in the multiplicity region n,, > 100. The error bars and
boxes represent the statistical and systematic contributions, respectively. (left) The blue curve represents an
eXpotiential fit to a(k;)-dependence; (right) thé'bite'clirvé represents the linear fit of the parameter B(K;)



K. DEPENDENCE OF BEC PARAMETERS FOR (N, K;) FOR P>100 MEV
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The k; dependence of the correlation strength, A(n.,; k1), and (b) source radius, R(n.,; k1), obtained by fitting to the
R,(Q) correlation functions across five intervals in the multiplicity region 2 <nch <50 at 13 TeV in the MB sample.
The error bars and boxes indicated represent the statistical and systematic contributions, respectively.
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R <N.> DEPENDENCE FOR K.,-FITS FOR P>100 &500 MEV
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The parameters & and « describing the dependence of the source radius, R, on charged particle rescaled multiplicity, mch, for track
p+>100 MeV and track p;>500 MeV in MB and HMT samples at 13 TeV. The error bars and boxes shown represent the statistical
and systematic contributions, respectively. (left) The black solid and blue dashed curves represent the saturated value of the
parameter & for m,>3 for tracks with p;>100 MeV and for mech>2.8 for tracks with p,>500 MeV, respectively. (right) The black

solid and blue dashed curves represent the exponential fit to the parameter « for tracks with p,>100 MeV and p,>500 MeV.
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LAMBDA <N,> DEPENDENCE FOR K, -FITS FOR P;>100 &3500 MEV
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The fit parameters p and v describing dependence of the correlation strength, A, on charged particle rescaled
multiplicity, for track p+>100 MeV and track p+>500 MeV in MB and HMT samples at 13 TeV. The error bars and
boxes shown represent the statistical and systematic contributions, respectively. The black solid (blue dashed) curves
represents the exponential fit of the parameter p (v) on mg, for tracks with p;:>100 MeV (p;>500 MeV)
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CONCLUSIONS

» The results of the Bose—Einstein Correlations (BEC) studies for like-sign charged particle pairs
measured in the kKinematic ranges p+>100 MeV, p> 500 MeV and [n|<2.5 in pp-collisions at
Vs=13 TeV with ATLAS at the CERN LHC.

» To properly compare the results at different collision energies and p-cuts, the average
multiplicity has been rescaled from its measured midrapidity values.

» The BEC parameters characterizing the source radius and particle correlation strength, are
Investigated as a function of multiplicity up to three hundred charged-particles and pair
transverse momentum up to 1.5 GeV. The double-differential dependencies on multiplicity
and average pair transverse momentum are also studied.

» A saturation effect in the multiplicity dependence of the BEC source radius is confirmed for
high multiplicity. The multiplicity and pair transverse momentum dependencies of the
BEC correlation strength and source radius parameters on the energy collisions are observed.
The source radius Is observed to decrease with p-cut increase.

» The following features of BEC parameters for double-differential intervals are obtained: the
source radius decreases exponentially with the pair transverse momentum and increases with
multiplicity, and for high multiplicities, it exhibits a saturation effect; the correlation strength
decreases exponentially with the pair transversermomentum and independently of multiplicity.
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EXAMPLE OF VERY-HIGH-MULTIPLICITY EVENT

319 reconstructed charged-particles
L
LT /

; / “/ /
‘ 'VE 7 / /] P //
i ,! / : ,IJ /j/‘//// / //

vy ATLAS
Ny EXPERIMENT

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

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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INNER DETECTO

ATLAS tracking detectors:
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Two times better tracks impact parameters resolution at 13 TeV!
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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 iIs reproduced In
hydrodynamical and Pomeron-based  approaches for hadronic
Interactions where high multiplicities play a crucial role.
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THE PHASE SPACE CORRECTION
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Figure 16: The out of phase space correction (OOPS) in pr and 77 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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FAKE TRACK CORRECTION
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Figure 9: The fraction of fakes after applyving the full event selection (see Section 3) as a function of pr (left top) or
rp (right top) and the two-dimensional dependency of pyr and 5 (bottom). The fraction is below 1% and therefore
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= The distribution of the distance between Z
coordinates of Primary Vertex and Pile-Up
1 Vertexes for MB and HMT events for Data

= corrected on MC { (left) and Data corrected on MC (right)
600 _

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-

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

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



\)URE TEST [ FOR TW@PARTI j CORRELATION FUNCTION
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HMT events for multiplicity 91<n.,<300 built using the to the full error for bins of R,(Q) correlation functions and

unlike-charged particle pair reference sample. included in the final fitting error of the BEC parameters
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INCLUSIVE R, DISTRIBUTIONS

-y
\V)

Inclusive MB two particles R, correlation function Inclusive HMT two particles R, correlation function
Lum. ~151 ub 1. Statistic: 9. 6><1O6 events Wlth 2.8x108 tracks Lum. ~8 4 nb b Statlstlc 9 1><1O6 events Wlth 9 8><1O8 tracks
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=) - rlgger 1= © ATLAS Internal HMT tr| er g
o 1.8 ATLAS Internal 1 = 1-8__ /s =13 TeV, p, = 100 MeV, | < 2.5, Q > 20 MeV
- Data, MC Pythia8 2015 Vs =13 TeV MB 1 - n,, = 91-300
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- n — G fit
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100<k;<200 MeV
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Fit to extract strength and source size. Goldhaber spherical shape with a Gaussian distribution of the source. Exponential, radial Lorentzian
distribution of the source -> much better at low Q. Three bumps regions because MC overestimates: 1) n—»n*nn° or n—»n*ny; 2) o—n*nn® and
p—ntm, 3) f,—»n*n; Therefore regions 0.2-0.3 GeV; 0.4-0.9 GeV and 1.0-1.16 GeV (only for 2<n <40 and 100<k;<200 MeV) excluded from the
fit. Q region is from 0.02 to 2 GeV.

o

Studies of one-dimensional BEC effects in pp

Fit function: Ry(Q)= Co[1+4 Q(QR)](1+£Q), &-term counts forthe  ¢qjjsions for p;>100 MeV and [n| < 2.5 at 13 TeV
long-range correlations JINR



MULTIPLICITY DEPENDENCE OF BEC PARAMETERS FOR DIFFERENT MC
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Information about MC samples are given in the Backup slides nr 43
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COMPARISON WITH OTHER EXPERIMENTS

ATLAS Vs =13 TeV . : : -
The results of BEC parameters for ATLAS Vs=7TeVHMT ————>_ o Larger kinematic region
Exponential fits of R, used total uncertainties ATLAS Vs =7 TeV ———> —@—
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THEORY PREDICTION FOR R PARAMETER OF BEC

V.A.Shegelsky, et al, Pomeron universality from identical pion correlations at the LHC, Phys.Letter B703 (2011) 288.
M.G.Ryskin, V.A.Shegelsky, Nucl.Phys B219 (2011) 10.

_ — E S PR

/:\ T2 T - = 4F ATLAS Internal oR" Q) =
Z - ERE R Data, MC 2009, 201082012 «RI™(Q) -
! \; — — GH;TE'I.-'HHT{Q]
: B \‘%‘ - - multi-Pomeron é
o) — — O E
—— ]

The ladder diagram for one-Pomeron exchange; (b) cutting one-Pomeron
exchange leads to the multiperipheral chain of final state particles; (c) a multi-
Pomeron exchange diagram.

Interpretation: » The BEC radius for one parton-
parton interaction (underline events, cut Pomeron) is
~1 fm, like for smallest multiplicity. » For high

multiplicity events we see BEC signal from some  The prediction of Pomeron model R=2.2 fil
parton-parton interactions. » The radius for high is in agreement with saturated radius R=2.3

multiplicity can be interpret as an average distance fm at 7 TeV for middle multiplicity region.
between separate parton-parton interactions ism2fR.There is not agreement with data for n_,>80.

Pomeron Model =

/ 4— one-Pomeron-~¥ '\ — for 7 TeV
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K. DEPENDENCE OF BEC PARAMETERS FOR (N, K;) AT P;>500 MEV

L L L L BN BN = e B B S B B B B B
l.2r ATLAS Internal \s=13TeVMB - £ - ATLAS Internal \s=13TeVMB -
i ® n,=2-4  — Expofit | @ 39F ¢ n,-2-4  — Expofit E
1— u -- Expofit — - ®m n,=5-8 --- Expo fit ]
N A n,=9713 . Expo fit | 3 A ng,=9-13 . Expo fit —
L \{ - Expofit | - ¥ n,=14-17 - - Expofit R
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06:— _: 25— _ i 'I'_ I""” il R A N e —E
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- l<25, p. > 500 MeV ] U'5: | < 2.5, p, > 500 MeV ]
I R R S S | L1 | N R B B T ]

04 06 08 14 16 B4~ 06 08 1 12 14 16
k-|- [GEV] kT [GeV]

The k; dependence of the correlation strength, A, and source radius, R, for track p; > 500 MeV at 13 TeV, obtained by
fitting to the R2(Q) correlation functions, for multiplicity region 2 < n, <22 for MB sample and using the unlike-
charge particle pair reference sample. The error bars and boxes indicated represent the statistical and systematic
contributions, respectively. The curves represent the exponential fit of the A and R k-dependences.
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CHARGED-PARTICLE MULTIPLICITIES VS Sn AND ENERGY
PL B758 (2016) 67-88, Eur. Phys. J. C (2016) 76:502
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n 7

Charged-particle multiplicity as a function of the n distribution for p:>100 MeV (left) and p;>500 MeV (right)

The black dots represent the data and the coloured curves the different MC model predictions. The vertical bars represent the
statistical uncertainties, while the shaded areas show statistical and systematic uncertainties added in quadrature.

The same shape in Models but different normalisation. EPOS and Pythia8 Monash & A2 give remarkably good predictions




CHARGED-PARTICLE MULTIPLICITIES VS MULTIPLICITY EEEF;@?( 2"(-);76)727@3;6) 2z

This track reconstruction efficiency for MB events was used for n <250, similar to HMT
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Charged-particle events as a function of the multiplicity Charged-particle events as a function of the multiplicity
distribution for p;>100 MeV distribution for p;>500 MeV

13022019 LOW ng, not well modelled by any M@;.hecauseef large contribution from diffraction. 48




MULTIPLICITY DEPENDENCE OF CHARGED PARTICLES <P>
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Avarage transverse momentum of charged particles as a functions of multiplicity
The dots represent the data and the curves the predictions from different MC models

13.02.2019

The bottom inserts.shew,the ratio of the MC/Data
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