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KNO SCALING: MOTIVATION

th - 1. A. M. Polyakov, A Similarity hypothesis in the strong
In the 2022 Ye_ar e Celeb_rated the‘50 annlversary_ € interactions. 1. Multiple hadron production in ete-
famous Equation, the basic result of Polyakov & Koba, Nielsen, annihilation, Zh. Eksp. Teor. Fiz. 59 (1970) 542

Olesen (KNO) concerning the asymptotic behavior of the multiplicity 2. | Z. Koba, H. B. Nielsen and P. Olesen, Scaling of
multiplicity distributions in high-energy hadron

distributions. These authors put forward the hypothesis that at very collisions. Nucl. Phvs. B 40 (1972) 317
, _Phys. (1972)

high ene_rgies the !orobal?il_ity distributions P(s) c_)f_producing n 3. Z. Koba, Multi-body phenomena in strong
particles in a certain collision process should exhibit the scaling interactions — description of hadronic multi-body final
(homogeneity) relation states, p. 171 in Proceedings CERN-JINR School of

Physics, Ebeltoft, Denmark, 17-13 Jun 1973, CERN
Yellow Reports: School Proceedings (1973)

A

1 as §—>00 with <n(S)> being the
n - _ .
P,(s) = ( ) average multiplicity of secondaries at |

" T \Te) )

This so-called KNO scaling hypothesis asserts that if we rescale 5~
P, (s) measured at different energies via stretching (shrinking)

the vertical (horizontal) axes by <n(s)>, these rescaled curves

will coincide with each other.

The multiplicity distributions become simple rescaled

copies of the universal function y(z) depending only on
the scaled multiplicity z = n(s)/<n(s)>.
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collision energy, S




KN@ S@AL[N[@: MA[N ASSUMPTI@N J. F. Grosse-Oetringhausl, K. Reygers,

J. Phys. G 37 (2010) 083001
J KNO scaling main assumption is Feynman scaling. Z. Koba, H. B. Nielsen and

; ; ; ; P. Olesen, Scaling of
1 KNO scaling is derived by calculating [(r(n-1)...(n—¢+1)) = multiplicity distributions in

dp d high-energy hadron
(g) o 219 APag o g gy
/fq (21, P11} -+ 24, Preg) B, dpr, E 74| collisions, Nucl. Phys. B 40

! (1972) 317
which is an extension of the expression used in the derivation of Feynman scaling

dQZ‘F

(N) = /_lf-s(IF) 2| ((N)ocInW ocIny/s with W =./s/2.

2 T

that uses a function f(q) that describes g-particle correlations (g particles with energy E,, longitudinal momentum p, ,,
transverse momentum p;,, and Feynman-x, X,). Integration by parts is performed for all x; and it is proven that the
resulting function is uniquely defined by moments. This yields a polynomial in In s.

 With a substitution of the form <N> o« In s the multiplicity distribution P (n) is found to scale as

1 n 1
P(n) = ) lI’(<n>) + O (W) .| where the first term results from the leading term in In s, that is (In s)A

The second term contains all other terms in In s, i.e., (In s)?" for g’ < q. ¥(z) is a universal (energy-independent
function). This means that multiplicity distributions at all energies fall on one curve when plotted as a function of z.

Howevegé/ggzzscan be different depending on the typ%’fuﬂ%?s%tj%ﬁ and the type of measured particles.



STUDY OF MINIMUM-BIAS (MB) E\&/JWT

Understanding of soft-QCD interactions has direct impact on:

1 precision measuremen_ts In this Report -
3 searches for new physics Hadronisation
For pp interactions at 0.9 — 13 TeV: @/ modeling
‘ » Study Charged-particle distr }7//4{ lons ‘
: \ Parton shower (il
| > Study of KNO scaling | 4 by yandfnal stateradaon)

» Study Underlying event distributions Hard interacton
» Study Bose—Einstein correlations (BEC)

nmmml 4l

» Monte-Carlo generators tuning - ; M,,, ’ qo\\.
. . ) 3 "f%."j *‘” om ‘,‘ .
» Study an inelastic cross section Yo ffl = '
» Study particle correlations, hadronization and colour reconnection E{{'n.... %W s
(Pgr(c:)\[/;c:gs i|rrr1]se|ght into strong interactions in non-perturbative Bean remnants %
g . _ _ \N\W i‘ UM M un”l eract Jlo
O Soft QCD results used in Monte-Carlo generators tuning, ///

O Soft QCD description essential for simulating Underlying Event: M \ \\
» Multiple Parton Interactions (MPI), l\ \

. . \
> Initial & Final State gluon Radiation (ISR, FSR) " uichitsky, JINR f i\x, & 4

i
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MINIMUM-B1AS EVENT: CHARGED-PARTICLE DISTRIBUTIONS

The composition of inelastic p-p collisions:
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Eur. Phys. J. C (2016) 76:502 @
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Mon-ciffractive  Single-diffractive | Double-diffractive

> Perturbative QCD describes only the hard-scattered partons, The MC generators used to compare to

all the rest is predicted with phenomenological models
ND: QCD motivated models with many parameters;

Pile-up is Background,;

O O O

SD+DD modelled with large uncertainties

o Strange baryons with 30<t<300 ps are excluded.

Measure spectra of primary charged particles corrected to particle level pyTHIAS 8.186

Multiplicity vs.n  Multiplicity vs. p;

Multiplicity distributions

LN, [ 1 dPN
Ny d7 | N, 270, dndp;’

1 .dNeV
Nev dnch |

Measurement do not apply model dependent corrections & allow to

[ 1]

the corrected data

Generator Version Tune PDF Focus of
Tune
PYTHIA8 8.185 A2 MSTW2008LO MB
MONASH NNPDF2.3LO MB/UE
EPOS 3.4 LHCv3400 MB
QGSIJET-11 11-04 Default

All the events are processed through the ATLAS

tune modglsiedata measured in well defined kinematic rangeyuichitsky, sneletector simulation program (based on GEANT4)



& 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 -+ | ] -
09/03/2023 ' Beam1 U, I “Beam 2™ .
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

MINIMUM BIAS TRIGGER SCINTILLATOR £

EEEEEEEEEE

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



INNER DETECTORS (ID) 2

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! 8

R =50.5mm
R =33.25mm

R=0mm

R =122.5mm
Pixels { R=88.5mm




DN,/Dn AND AVERAGE MULTIPLICITY DISTRIBUTIONS

n

5 T e o For pr>500 MeV: S o[z n Toomey, <28
H‘é - T =300 ps I 2 T P2
2" Lo f atias V5= 13 Tev » Has the same_shape I S ;5[ ATLAS /5= 13Tev
T F Models but different =
Z B e ee————— normalisation CT
25F 3 » EPOS and Pythia 8 A_2 give .e
. ; remarkably good predictions 5 :
2 :_ =s= Data _: G :_ —=— Data _:
- o . . ~ — PYTHIA 8 A2 Z
1.5 | . EYTHIAB A2 lash = For pT>1OO Mev 55 [ — - PYTHIA 8 Monash ]
L —a . =L .eess EPOS LHC ]
- : EPOS and QGSJET- |1 = o B
s PRPPL FRETY PP FETE PRPRE FRETY PPET Sere M . . . } 4 -
12k 41 giveagood description for =
I e e e I7|<1.5 § ey
S | L~ e — ——————~-"-3 & The prediction from S i
= T ~ =T PYTHIA8A2hasthesame = :
0.9 85157050 05 1 15 2 2 butliesbelow the data 0 s 2 5 11 05 0 05 1 15 2 25

Eur. Phys. J. C (2016) 76:502 @»
Phys. Let. B 758 (2016) 67-88 AT

EEEEEEEEEE

Primary charged-particle multiplicities as a function of » for
and n,>2, p>100 MeV

09/03/2023

events with n>1, p>500 MeV

Yuri Kulchitsky, JINR 9



§£ n,>2,p_>100 MeV, |n|<2.5 ] : 5__ : >2,p_>100 MeV, [n| <25
%" ATLAS \s = 0.9 TeV %" 85_ ATLAS\s =7 TeV
s > 7F
; @) 37 (b)
= - 6
- s RRTREL. e
. T s =
& === Data 2009 = af- - Data 201 fgﬁd’
™ — PYTHIA ATLAS AMBT1 t —a @SQ
i -=- PYTHIA ATLAS MCO09 d ct10ﬂ52 Wl YTHIA LAS MC09
aF- — . PYTHI MC p real —* PYTHIA DW .
D. Ségreem?ﬂ 8 1 - PYTHIA 8 =
OJET E e PHOJET ]
! FEuC FTT FUPL FUUTL PUSTY RO FPOI Peee p— SEUUT T ET FOTPL UV PRTIT VT FOPIN TV PRI I ==Data {s=8Tev
1.2 = Data Uncertainties 7] 1.2~ == Data Uncertainties 7] _ Py-[hlas A2M MB Anﬂlyﬂs
=== MC / Data - === MC / Data - . =
o e 1 ) - Pythia8_A2M MB Generated
< ol s Ho S e e s o
08 &= @t e 0.8 B e s e L S S L R R R L T e S i
: -:-'L—"‘-"L;-H_.____,___,._,-rh...-:-"—"':
25 2 -15 -1 -05 0 05 1 1.5 2 25 25 2 15 -1 05 0 05 1 1.5 2 2.5 HDED 45105005 115 2 25

n

Charged-particle multiplicities as a function of the n for events with "
n,>2, pr>100 MeV at Vs = 0.9 (a), 7 (b) and 8 TeV (c)

Strong dependence on the ID material in the forward region. From 7 to 8 TeV, up to 50% improvement in the central
n region,&:62% improvement in the high n region: better knowledge of the 1D material achieved at the end of Run 1

10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2010-06/fig_06b.png

1/N,, -dN_, / dn

Ratio

CHARGED-PARTICLE MULTIPLICITIES AS & FUNCTION OF n: p>500 MeV

1.8_‘ TT |"| TITT T ] TIrrn |'|'| TT |'| THL1T I LB |'I'| L I TT |'|'| UL |'| TT r1_
B nch21,pT:-500MeV,|1]|-:2.5 4
1.6 [ ATLAS\s5=0.9 TeV _
- (a) ]
1.4_— —

1.2 =
1_

i == Data 2009

B — PYTHIA ATLAS AMBT1
0.8— ==+ PYTHIA ATLAS MC09

i — PYTHIA DW

L == PYTHIA 8
0.6 e PHOJET

II.II.JIIIllllI.!llll.lllllllllllllllll |||||||| ]
T T L T T T T

(W |

1.2_— == Data Uncertainties

- === MC / Data ]
e A
e
0.8F ]

Charged-particle multiplicities as a function of the pseudorapidity for events with

25 2 15 1-06 0 05 1 15 2 25

n

1/N,, -dN_ /dn

Ratio

MR LR LS RN R R LS LERRE LARRE RARRE AR
2.2_— nch21,pT>500MeV,|n|<2.5 =
i ATLAS \s = 2.36 TeV ]
2 (b) -
1.8 .
0 o il SR
:r‘:/’—-ﬁ""""‘*"-'*""‘ """"""""""""""""" ~a ]
1.4f """ =
Iy === Data 2009 a
B — PYTHIA ATLAS AMBT1 =
1.2~ -=- PYTHIA ATLAS MC09 N
- —+PYTHIADW ]
= - = PYTHIAS8 ]
F e PHOJET ]
?llllllIIlIllIllllllllll!‘lllllllllllllllllllllll::
1.2 2 =
- ®= Data Uncertainties 3
MC / Data

25 2 15 -1 -05 0 05

1

15 2 25
n

n,>1, p+>500 MeV at Vs=0.9 (a), 2.36 (b) and 7 TeV (c)

09/03/2023

Yuri Kulchitsky, JINR

1/N,, - dN,, / dn

Ratio

ma SRl AARRNRARANLARAN REALS LARAS RARRS RARAS RARLS RARE=
st Ny z1,p, >500 MeV, |n| <25 -
- ATLAS\s=7 TeV ]
2.85— (C) —E
2.6 3
2.4/ .
e d
2.2
2 =
1.8 === Data 2010 B
- — PYTHIA ATLAS AMBT1 .
1.6 -=- PYTHIA ATLAS MC09 =i
n — - PYTHIA DW 3
1.4 - - PYTHIA 8 B
T PHOJET E
R R e e
1.2 Data Uncertainties 7
- === MC/Data ]
1.-.._- T e :?W

11

m
o
=
m
z
=


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2010-06/fig_05c.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2010-06/fig_05a.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2010-06/fig_05b.png

ch n

dn /d

1/N,, -

AVERAGE PRIMARY CHARGED-PARTICLE MULTIPLICITY

N S A s e oS oS | AARRRARARRRRRA RRRRS
i nmz2,pT}1DUMEV,h1|{2.5 ‘ @=13TEVZ
8- » 15=8TeV
c (s=T7TeV -
 15=0.9TeV A

51 -
i -
%Mﬁ*ﬁ*ﬁm WHHH%H{

3_I'I|LIII|||||1|||LJIII11II|L||||1|||L|||'I_
-2.5 —|2 —11.5 —11 —0|.5 {li 0.|5 ‘ll 1.|5 é 2.5
|

1.5

1

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

FIn. >1.p >500MeV, jnj<25| + 15=13TeV
gkl ! ' f5=8TeV 1
(s=7TeV _
(5=2.36TeV 1
. 5=09TeV 1

o

R

. ﬁ'a-%

A aae S N
4 ﬁ*#'ﬁ&é

ce bvr b b b b b e b b

N

Vs pp" Average
TeV] [MeV] Multiplicity
13 100 33.88+0.11
500 14.66+0.04
8 100 29.81+0.10
500 12.25+0.03
7 100 29.40+0.19
500 11.98+0.05
236 500  8.66+0.51
09 100 18.0640.12
500 6.53£0.03
nen(s, pr)

s .
(nch (s, P?ln»

The average multiplicity, <z (s, 2:™")>, as the results of the fits with a polynomial function of the average
multiplicity distributions on pseudorapidity region -2.5 < 77< 2.5 and the events samples with 2 > 100 MeV &
2> 500 MeV at centre-of-mass energies 0.9, 2.36, 7, 8, 13 TeV using the ATLAS Collaboration results.

09/03/2023 The total uncertainties:are.presented in Table.

12




AVERAGE PRIMARY CHARGED-PARTICLE MULTIPLICITY EurPhys d.C om0 es02 ()

Phys. Let. B 758 (2016) 67-88  fxuman

= The values for the other pp energies are taken from previous

N TET T ' T T 7
L [ e A, ATEAS e ATLAS analyses.
5 6 [f—- PYTHIA8 Monash ‘_4:‘7-“7 —-| = The results have been extrapolated to include charged
_5 . %_ oo =rioa | E strange baryons (charged particles with a mean lifetime of
© N B Za 30<7<300 ps).
g 4 f/’_’ = The data are shown as black triangles with vertical errors
- b ‘—._,:.‘{_,;,-,'g bars representing the total uncertainty.
3 F ~taf~— = They are compared to various MC predictions which are
. - shown as coloured lines.
°F 4 QO Itis related to the average energy density in pp interactions
L F > 30 ps (extrapolated) and it gives reference for heavy-ion collisions
. | L 4+ For comparison of multiplicity distributions for different
10° _ o 10° energies or different z-thresholds a scaled charged-particle
The average charged-particle multiplicity Vs [GeV] multiplicity is introduced as follows:
In pp interactions per unit of # for |#|<0.2 — —
as a function of the energy . nen(s, pr) nen(s, pr) CERN-EP-2021-172

min arXiv:2202.02218 [hep-ex]

(nCh(Sﬁ Pt )) (d”ch/df?hm..-;o_z (S, p%lln)> ’ AI]

» For p>100 MeV the predictions from EPOS and PYTHIA8 MONASH match the data well; the predictions from PYTHIAS8
A2 the match is not as good as was observed when measuring particles with p:>500 MeV
> For p;2880%AeV the predictions from EPOS and PYTHIA8-A2-matchvthe data well

13



4 4
BEC
= - ]
1 CATLAS =13 TeV
1t <25
0.6 3
0.5 "L B p_ > 100 MeV =
045 v HMT TpT > 100 Mey — TXPO i 3
- 1 MB, p_> 500 MeV _ .
0.3 | HMT, p_> 500 MeV E’Tpo S
0 2 4 6 8
Z
min min
nen(s, pr-) nen(S, py)

Z:

(e (s, pB™) (dna/dil 0 (5, P2 - A

O The dependence of the 4(z) E
on rescaled multiplicity ®
obtained from the
exponential fit of the 4,({Q)
correlation functions for
tracks with z2>100 MeV
and 2,>500 MeV at Vs=13
TeV for the MB and HMT
data.

The dependence of the Az)
on zand on z933, E
The uncertainties represent «
the sum in quadrature of the
statistical and asymmetric
systematic contributions.

where <dzz/d7A |, <o, (5 2y™")> is the average charged-particle multiplicity per
unit pseudorapidity in the region |71< 0.2 for different centre-of-mass energies and
™" —thresholds; Az is total pseudorapidity region, equal to 5 in case of ATLAS

Inner detector .
09/03/2023

Yuri Kulchitsky, JINR

PA{MMETE{R@ VS NORMALIZED MULTIPLIC

CITY

JHEPO3 (2020) 014 @))

arXiv: 1910.08815 ATLAS

EXPERIMENT

4
3.5
3

2.5F =
oF ATLAS V(s=13TeV 1
- nl <25 .
1.5 —
- A MB,p_>100MeV — yma fit
1= v HMT, p_>100 MeV -- Constfit
D.5f— o MB, P> 500 MeV — '3'.|m,:h fit_ _f
- I HMT, P, =500 MeV --- Constfit S
- I 1 I 1 1 1 I 1 1 1 I 1 1 .
0% 4 6 8
Z

e L L S B B B L B L p
- ATLAS \Vs=13TeV .
35 <25 LW#I{_'— E
E Ll
St » | 4{;1‘}*‘ ]
2 ' =
1.5 —
- s+ MB,p_>100MeV — m,fit
LS v HMT,p_>100 MeV -- Constfit -
T 3 1
0.5 © MB,p _>500MeV — {mfit S
- O HMT, P, =500 MeV --- Constfit o
L | I 1 L 1 I 1 1 'l I 1 1 1 I 1 1 L I 1 1 1 I 1 1 ]

0= 04 DE:- 08 1T 12 14 16 18 2

14 7 0.33



RGE DEPART[ CLE
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1 ATLAS

8 :
- 5.4 7 \R \ Ib\'"\‘ *-/ .' i/ / EXPERIMENT
" e *‘-“\‘" - ~ W L A .
S —=T0E < .. O xfy l'/ill'" Run: 312837
- - - Ty o ¥ /l //
R/ s |/ ‘ T Event: 135456971

2016-11-14 07:42:28 CEST

¢, //,/’
/// ////’
/

High-multiplicity event with 319 reconstructed tracks.

09/03/2023 Yuri Kulchitsky, JINR 15

The shown tracks are from a single vertex and have pr > 0.4 GeV



(a)
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n
The multiplicity scale is dependent from the energy!

il <24 oCMS }

Oo%o(x10“} + ALICE
-
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101ER +
1025 Y hi<o. ﬁk E
103 P"ﬁ E
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0 100

n

CMS
CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: CMS & ALICE, . 0.\ .
c 10’
b}, CMS NSD 236 TeV (b) 5

[IIIIIllllI|Ill|]II[I[I|I1I|III[1II|_

Py, CMS NSD 7 TeV © 3

¢
4
Lol o e vl ||||||||{#|| T IR TTT AR

=
[=]
& ]
IIIIIII| T IIIIII| T IIIIIII| T

e
=
<n
&
—0—
e
—ip
&
IIIIIII| 1 lII||l.|.|

10-7III|III|III|III|III|III|III|III|III|_
0 20 40 60 80 100 120 140 160 180

n

O The CMS fully corrected charged hadron multiplicity spectrum for |n|<0.5, 1.0, 1.5, 2.0, 2.4 at 0.9, 2.36, 7 TeV,
compared with other measurements (ALICE & UAB5) in the same 1 interval and at the same s energy.

% For clarity, results in different pseudorapidity intervals are scaled by powers of 10 as given in the plots.

< The éffor'bars are the statistical and systematic unceftaifities'added in quadrature. e



CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: ALICE .., 5011 15506

3 T T b Distributions reach a max around Ng28 T T T T T IR
E ALICE, pp collisions, charged par”[ic:les then fall steeply off over several ordersﬁ 1_4_— ALICE, pp collisions, charged particles .
Q. o Inl < 0.8, 0.15 GeVlic < p.< 10 GeVlc i of magnitude. | ‘% : Inl < 0.8, 0.15 GeVic < p. < 10 Ge."ufa'-:: ]
i > The slope of the decay with N, 3 19k T A L
] decreases with increasing collision E I
1072 energy. This can be attributed to the ;
larger p in the initial hard scattering =
: . RS a
which results in larger multiplicities. I
10°F 4 137ev 1 « The overall shapes of the multiplicity 98 3 Ta \ T
+ BTeV 1 distribution are better described by EPOS i 8 TeV 'HV\ '
o 7TeV LHC, while Pythia 8 falls sharply off 06F  7Tev | N
$ 5.02TeV above Ney/(N [ __502TeV —PYTHIA8.306 '
¢ 276 TeV s Both models agree wi ' oal —276Tev ---EPOSLHC .
T T TR T dlst_rlb_utlonsvv_lthln25%\_N|t___ N T R T T T
010 20 30 40 50 60 70 deviations at highest multiplicities. 0 10 20 30 40 50 60 70
N, Nep
O The ALICE primary charged-particle multiplicity distributions as a function /N (TeV) = (Nep)
of the multiplicity for pp collisions at the different \s energies for events 276 718+ 024
with />0, |7(<0.8, 0.15<2;<10 GeV. 5.02 8.214+0.10
O The ratio of Pythia 8 and EPOS LHC model predictions to data at various pp 7 8.8640.12
energcl)(ge/sO : ;I(’)Qe semi-transparent bands indicate the relatlY\Jr(?KS}/EE?krnﬁllch 8 9.05+0.22
uncertainties of the data. ! 13 10.31+0.09 17




CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: QUARK-GLUON STRING MODEL

Charged-particle multiplicity and transverse momentum distributions in gp collisions at
0.2-14 TeV within the MC QGSM based on Gribov’s Reggeon field theory were '
studied and the special attention was given to the origin of violation of the KNO scaling_ 10°F

Diagrams of particle production processes included in ()
the modeling of pp interactions at ultra-relativistic
energies 6, =6p+6510p , Where o is the cross
section for the multi-chain processes described by the
cylinder diagram & diagrams with multi-Pomeron
scattering (a), ogp is the cross section of single-
diffractive processes represented by the diagrams with
small (b) and large (c) mass excitation, corresponding
to the triple-Reggeon and triple-Pomeron limit,
respectively, and 6 is the cross section of double-

diffractive process shown by the diagram in (d)
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The comparison of the QGSM calculations with the ALICE data.

In this figure the multiplicity distributions of charged particles
calculated in NSD pp events at 0.9 and 2.36 TeV in three central
pseudorapidity intervals are plotted onto the experimental data.

The agreement between the model results and the data is good.

The QGSM demonstrates a kind of a wavy structure mentioned. Such
a wavy behavior in the model can be linked to processes going via the

many PUmeron exchanges

(.
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Charged-particle multiplicity distributionsin In|<0.5, In|<1,
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MULTIPLICITIES VERSUS N,  Suirceounmse ()
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Primary charged-particle multiplicities versus ng, for events with n,>1, p+>500 I\/IeV & ng>2,
p—>100 MeV in |y|<2.5. The high-ng region has significant contributions from events with

numerous MPI. Colour reconnection: strings from independent parton interactions do not independently

produce hadrons, but fuse before hadronization
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CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: P>100 MEV A@AS
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CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: P>500 MEV
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Charged-particle multiplicities distribution for events with n,>1, p+>500 MeV and
m|<2.5 at Vs =0.9(a), 2.36 (b) and 7 TeV (c)
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CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: ATLAS, P,.>100 MEV
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d Primary charged-particle multiplicity distributions as a function of a normalized multiplicity for events with 72,>2,

2 >100 MeV, |71 < 2.5 measurement by ATLAS at the V.s=0.9, 7, 8, 13 TeV for the complete and zoom regions.

O The ratios to the distribution at 13 TeV are shown. Ratios and their uncertainties were obtained by interpolating the

distributiomat 13 TeV to z step at different V.s . Bandsirepresent the total uncertainties of ratios.
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CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTION: ATLA%S 7> 500 ME I/
T T T 1 L B L B E— S 1 T T LA B R B ] — T T
- s 10 = - —
G e e
- % (5=7 Tev > B - s Vs=7TeV |
1072 - Vs =236 TeV g - ++f’ ]
= > Vs=0.9TeV B |
102 < Maximumgf the distributidn is shifted toward&.small values of z 1
- ﬁ'_i-.;ﬂ: ¢ The characteristic “shoulder” in the spectrum becemﬂé?{qwte distinct
107 .
- == ¢ The uniquegintersection Wdipt for all distributions at PN e, =
107 o 1.p. > 500 MeV. 1 <25 *¢_The high- n§ult|pI|C|ty tail |Sjoq§hgqq}9p5m eV, i< 25 e SE—
F —— . -
10 i_. . . | . . . | . L | N \ . ] . . . 1 \ . = - | } J ] _—
BN | The multiplicity scale is not 3 " 3§¢26% ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ E
25E o, dependent from the energy. 3 1 2E - E
27 This i t ison! 3 2 E of -
I i “w% o, IS IS COorrect comparison E 5 1. 1Eu =
P N S T 3 = —=
TE 43 ° s = oof 4% -
0.5 L~4, ¢ — ﬁ) =
G 5 7 5 8 0 12 0805 B 15 = 2 —25 ;5
£

Region with Single and Double diffractions

d Primary charged-particle multiplicity distributions as a function of a normalized multiplicity for events with 72,>2,

2 >500 MeV, |71 < 2.5 measurement by ATLAS at the V.s=0.9, 7, 8, 13 TeV for the complete and zoom regions.

O The ratios to the distribution at 13 TeV are shown. Ratios and their uncertainties were obtained by interpolating the

distributiomat 13 TeV to z step at different V.s . Bandsirepresent the total uncertainties of ratios.
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319 reconstructed charged-particles

The shown tracks are from a single vertex and have pr > 0.4 GeV

KNO scaLing

ATL

EXPERIMENT

Run: 312837
Event: 135456971
2016-11-14 07:42:28 CEST
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CHARGED MULTIPLICITY & KNO @ ISR . Phys. & 37 (2010) 063001

Evolution of the charged particle multiplicity distribution in proton-proton collisions P(N,) with Vs follows KNO-scaling with
N ch
< Ng, >

Scaling variable Z = and P(N. ) < N, >=YW(z) Energy independent function
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Multiplicity distributions KNO distributions

09/03/2023 Yuri Kulchitsky, JINR

25



KNO @ SPS & TEVATRON B A e

J. Phys. G 37 (2010) 083001

ISR 30.4 GeV ' . _
ISR 44.5 GeV = \Violation of KNO-scaling
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KNO function distributions at energies Vs in pp and p anti-p collisions
Can be interpreted as a consequence of particle production through (soft) MPI
09/03/2023 Yuri Kulchitsky, JINR

Events multiplicity distributions at energies s in pp and
p anti-p collisions
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KNO scaLING: CMS

The multiplicity distributions are E 1

_| shown in KNO form for a large 5~
1 pseudorapidity interval of |n|<2.4,

] where we observe

1 » astrong violation of KNO

scaling between 0.9 and 7
TeV, and for

a small pseudorapidity interval
of n|<0.5, where KNO scaling
holds.

Scaling is a characteristic
property of the multiplicity
distribution in cascade
processes of a single jet with
self-similar branchings and
fixed coupling constant.
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The charged hadron multiplicity distributions in KNO form at 0.9 & 7 TeV in two
psetidrapidity intervals: n|<2.4 and'[|<0.5
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KNO scaLING: RLICE, /17 /<0.5  eurpnys 5 cos 010y 80

ALICE
B T~ T 7 T ™3 The shape evolution of the multiplicity distributions with

UAS 0.2 TeV energy was studied in terms of KNO-scaling variables
UA5 0.9 TeV _ o
£33 A ALICE 09 TeV Comparison of multiplicity distributions in KNO

{%% o ALICE 2.36 TeV variables measured by UA5 Collaboration in proton—
antiproton collisions at Vs = 0.2 and 0.9 TeV, and by
ALICE Collaboration at Vs = 0.9 and 2.36 TeV, for
NSD events in || <0.5.

In the lower part the ratio between ALICE measurements
at 0.9 and 2.36 TeV is shown. The error bars represent
the combined statistical and systematic uncertainties.
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L While KNO scaling gives a reasonable description of
the data from 0.2 to 2.36 TeV, the ratio between the
0.9 and 2.36 TeV data shows a slight departure from
unity above z=4
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- A slight, but only marginally significant evolution in the shape is visible
. . , , in the data for z>4, possibly indicating an increasing fraction of events
0 2 4 6 8 with the highest multiplicity. This issue will be studied further using the

z=N_/<N_,> data collected from forthcoming higher-energy runs at the LHC
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Inl <O

8 TeV
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%]2.76 TeV
[%]0.9 TeV

0 2z 4

3.5F"

ALICE

1 KNO-scaled distribution <N +>P(Ng,) vs the

1 KNO variable N /<N,,>at 0.9, 2.76, 7 and 8
= TeV, for three pseudorapidity intervals: [n|<0.5,
2 1.0 and 1.5. In each casg, ratios to the

distribution at 0.9 TeV are shown. As N /<N >
takes different values at different energies, ratios
were obtained by interpolating the KNO-scaled
distributions, and uncertainties were taken from

1 the nearest data point. Bands represent the total

3 uncertainties

3 Ratios between the two highest energies and 0.9

1 TeV exceed the value 2 at N/<N_,> larger than

"1 5.5, 5 and 4.5, for [n|<0.5, for |n|<1 and |n|<1.5.
.4 O This confirms that KNO scaling violation

Increases with increasing pseudorapidity
intervals.

O The shape of the KNO scaling violation

reflects the fact that the high-multiplicity tail
of the distribution increases faster with
increasing energy and with increasing
pseudorapidity interval than the low (N, <20)
multiplicity.
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KNO SCALING: QUARK-GLUON STRING MODEL PRED[CTI@NS phyf?fn'féz;%is o e

Charged-particle multiplicity and transverse momentum U The differences between the neighbor energies 1 4 TeV :
distributions in g collisions at 0.2-14 TeV within the seem not to be very dramatic, the tendency inthe ., Qggﬁ i"ﬂ;’tﬂy i
MC QGSM based on Gribov’s Reggeon field theory - 'Ir[]r?sH;;zt-lr%nu(l):igl]iecﬂiir;auit;o;jslﬁe%u&ts clear. _ gGSM_ 5 zgft
W?r? StUdl?d ar?d the special attentlpn was given to the 0 Maximum of the distribution is shifted towards B gggﬁ i zgg
origin of violation of the KNO scaling small values of n/<n> o
L 200GV O The characteristic “shoulder” in the spectrum _ 10° 3 The clarification Of-g
1 546 GeV becomes quite distinct, as presented by the o the role of :
' distribution for top energy g multi-Pomeron -
- 10k QO The unique intersection point for all distributions: = P processesin |
= all curves cross each other at z =~ 2.3 D e violation
A el - o h of KNO
e lﬂ'? ,' l’ RN scaling:
T NSD Jn < 2.4 - P ¢ Pty :
0°F = — < < A -
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15k e E { : ¢ ¢ 0 1o~ 200 300
N _« C C C Charged particle mudtiplicity
fe o P— E distribution (solid line) for processes
”':; . rﬂtra 230 GV /7000 GeV going via the exchange of n > 1 soft
B llj — 3[5 s 15 5 55 Pomerons in pp collisions at Vs=14
z=n,/<n,> a The pronounced peak in the low-multiplicity interval TeV. Contributions of the first four
Charged particle multiplicity distributions in arises solely due to single Pomeron exchange terms are shown by dash-dotted
the KNO variables in QGSM non-diffractive pp L The maxima of distributions for multi-Pomeron (n=1), double-dash—dotted (n=2),
(pp ) collisions at energies 0.2, 0.564, 0.9, processes are moved in the direction of high dashed (n=3) and dotted (n=4) lines,
2.36, 7 anch14/TeNV multiplicities thusiftingithe high-multiplicity tail.  respectively.
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KNO CHARGED-PARTICLE MULTIPLICITIES DESTRIB UTIONS: ATLAS, P.>100 ME\B/
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1 KNO scaled charged-particle multiplicity distributions as a function of a normalized multiplicity for events (7z,>2

2 >100 MeV, |71 < 2.5) at the Vs=0.9, 7, 8, 13 TeV and for zoom multiplicity region up to 3 at \s=7, 8, 13 TeV.

L The ratioyiGthe distribution at 13 TeV are shown, Yuri Kulchitsky, JINR
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KNO CHARGED-PARTICLE MULTIPLICITIES DISTRIBUTIONS: ATLAS, P.>500 MEV
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 KNO scaled charged-particle multiplicity distributions as a function of a normalized multiplicity for events (7z,>1,
2 >500 MeV, |71 < 2.5) at the Vs=0.9, 7, 8. 13 TeV and for zoom multiplicity region up to 3 at Vs=7, 8, 13 TeV
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KNO scaLING: &ALICE, 4, >0, |7|<0.8, 0.15<2,<10 GeV
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O The ratios of the KNO scaled primary charged-particle distributions to the interpolated distribution at Vs =13 TeV.

O The ratio of Pythia 8 and EPOS LHC model predictions to data at various energies for the KNO scaling of
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=0.9, 2.36, 7, 8, 13 TeV for |n|<2.5, ny,>2, p+>100 MeV & n>1, p+>500 MeV
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~

ERAGE TRANSVERSE

ATLAS

EXPERIMENT

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

High—rhultiplicity event with 319 reconstructed tracks.
The shown tracks are from a single vertex and have pr > 0.4 GeV
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THE AVERAGE TRANSVERSE MOMENTUM DISTRIBUTION: CMS
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Yuri Kulchitsky, JINR

CMS
Z
JHEP 01 (2011) 079

O A comparison of <p> versus n for |n|<2.4 with two
different PYTHIA models and the PHOJET model at 0.9,
2.36, and 7 TeV. For clarity, results for different energies
are shifted by the values of a shown in the plots.

Q Inspired we fit a first-degree polynomial in Vn to the
multiplicity dependence of <p> for n>15 at each energy,
yielding a good description which is valid at all three
energies.

O The ratios of the data obtained at 7 and 2.36 TeV with
respect to the data at 0.9 TeV show that the rise of the
average transverse momentum with the multiplicity is
roughly energy-independent.

O PHOJET produces too few charged hadrons overall but gives a
good description of the average transverse momentum <p,> at
fixed multiplicity n. Among the three classes of models,
PYTHIA 8 gives the best overall description of the multiplicity
distribution and the dependence of the average transverse
momentum on n.
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CHARGED PARTICLES: <P;> VS MULTIPLICITY: ALICE ... ..oum posn
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Yuri KulchitskyNyrl‘%

A/

ALICE
P-p: Color Reconnection in MPI
unavoidable to describe <p;>vs N, and
dN,/dh. Vs scaling = properties driven
by |\|ch

p-Pb: EPOS OK, however shape of
dN,/dh qualitatively similar to the Pythia
8 predictions for tune 4C CR (i.e. with
Color Reconections).

Pb-Pb: Bad description by HI MCs,
shape of in agreement with Pythia 8
predictions for tune 4C NOCR (i.e. with
no Color Reconnections).
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CHARGED PARTICLES: <P> VS MULTIPLICITY; ALICE
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O The average charged-particle transverse momentum and normalized on (p+)inc: (PP iners
distributions as a function of the scaled multiplicity for pp, p-Pb, Xe-Xe and Pb-Pb collisions
at the different CM energies Vs =2.36, 5.02, 7, 8 and 13 TeV for pp, Vs =5.02 and 8.16 TeV
for p-Pb, \s =5.44 TeV for Xe-Xe and \'s =2.76 and 5.02 TeV for Pp-Pb for events in the
kinematic range N, >0, | n |< 0.8 and 0.15< p; <10 GeV.

O The ratio of Pythia 8 and EPOS LHC model predictions to data at various energies are shown
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SUMMARY

 Comparison of the charged-particle multiplicity P, (z), the average transverse momentum
<p-(z)> distributions on KNO scale were done using the ATLAS results at \'s = 0.9, 2.36, 7,
8, 13 TeV for |y|<2.5and (1) n>2, p+>100 MeV; (2) =1, p+>500 MeV

4 The P, (z) distributions on KNO scale have the similar shape & decrease with energy increase
 Study of the KNO scaling was done at 0.9-13 TeV (in the first time at 13 TeV)
[ The test of W(z) for 0.9/13 TeV confirms that W(z) violation increases with decreasing energy

4 The KNO scaling is hold for highest energies within £8% for p>100 MeV; £5% for p>500
MeV: the better KNO scaling for higher p>500 MeV is observed

U The <p+(z)> on the KNO scale have the same shape & increase with energy increase

 The results of comparisons P, (z) & <p+(z)> on KNO scale can be useful for MC tuning
4 Discussion of the CMS & ALICE results for the KNO scaling, P,(z), <p+(z)> distributions

09/03/2023 Yuri Kulchitsky, JINR
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ATLAS

EXPERIMENT

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

C o ; P High—rhultiplicity event with 319 reconstructed tracks.
N A :] ; \\ The shown tracks are from a single vertex and have pr > 0.4 GeV
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COLOUR RECONNECTION £
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Colour reconnection addresses the problem of how the colour fields rearrange

Before colour reconnection themselves after the collision ¢ g7
q _ - ' ' : : O ,oF t>300ps ’ =
q Experimentally driven in order to descrlb_e the rise of = oo P iatev ]
average transverse momentum as a function of T eb E
P P number of particles i S
0.7 — e -
d Increases towards higher n,, as modelled by a e g ]
e q colour reconnection mechanismin PYTHIA8  °¢f o B
After colour reconnection? O The QGSJET- Il generator, which has no 0‘55 —PYTHIABAZ =
q model for colour coherence effects, describes - EPOSLHC ]
: the data poorly. M E
P P Monte Carlo event generators (e. g. PYTHIA8) have 1| S
various models to implement such arrangements: 8 i .
q MPI-based, QCD-inspired, Gluon-move g
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» New tunes have been obtained for the two alternative colour reconnection
models implemented in PYTHIA 8: QCD-inspired and gluon-move models _
> They are based on 13 TeV data and describe simultaneously observables <py> Vs. Ng; for events with

sensitive to soft and semi-hard processes New>2, pr>100 MeV in [;|<2.5
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