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Motivation & Goals 3

Search for new symmetries in Nature

Systematic analysis of inclusive cross sections of particle production
In pp, pA andAA collisions to search for general features of constituent
structure, interaction and fragmentation overn@e scale range

z-Scaling as a tool in high energy physics

Development ofz-scaling approach for description
of production processes with various particles in inclusive reactions
and verification ofelf-similarity principle

Some results of data analysis obtainedp@andAA collisions
atu70, ISR, RHIC, Tevatron LHC

The approach can be used to study
Symmetry of constituent interactions at small scales
Origin of flavor, spin,e
Similarity and difference afi,d,s,c,b,guark fragmentation
Strangeness as a probe to search for new physics
Phase transitions iop, pA andAA systems
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Fundamental principles symmetries 4

"Fundamental symmetry principles dictate the basic laws
of physics, control the structure of matter and define the
fundamental forces in nature."

Leon M. Lederman

| 3
every conservation | aw tI 28
Emmy N° W

The concepts of symmetry and invariance, play a large
role and, it appears, an increasing role in physics.
Eugene P. Wigner

AScalingo and nAnUniversalityo
to understand critical phenomena.
Harry E. StanleyGrigoryl. Barenblatt é

[ ™
|1I'II-. 5 i
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Similarity and seHlsimilarity 5

1. Two geometrical objects are similar if one is the result of
a uniform scaling (enlarging or shrinking) of the other.

2. 0Dbject is seksimilar if it is composed of parts similar to it
as a whole.

3. Object is a (selfyimilar fractal, if it consists of parts like him
as a whole on any scale.

Fractal

Similar objects Seltsimilar
object

D= 2,D;=2

D=l n8/ | n ®&EL . 8¢
D = 2, D=2

Topological dimension: poinD=0; line, D;=1; surfaceD;=2; volume,D;=3.

Ej; ; M.Tokarev PPIHE2026, IHEPProtving Russia

1-....;‘_-:'
n|1|'|'l:l"1:!'l T
‘ﬂﬂ : .. ‘



The Koch curvé Self-similar fractal curve 5

P=4, =3 z=7,&“

/\ A curve length is a measure

> of fractal curve

m Z(e) |e'1— 27

Swedish mathematician

Nils Fabian Helge von Koch m‘g%
(1870:1924)

e '=qg" resolution

D =Ln(p)/Ln(Q) fractal dimension
D; =1 topological dimension

25 d=D- D; anomalous fractal dimension
M.Tokarev PPIHE2026, IHEPProtving Russia
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Multiple production& Fractals 7

- o, Set of hadrons produced in inelastic interaction are set
2 6% el kg of points of the phasspace{ p;,d,u}
“... ".‘ ':l',\..:‘ b !
o oLt e Nie, . .. . . . .
et 2 A The distribution of points is determined
e A by the interaction dynamics:
--.:'.’:'54‘1_ . s Ty U hard scattering
Ll : i o i" % 0 partonshowers in the initial and final state
e \ t, o e e U multiparticle interactions
== = = U fragmentation opartonsinto hardrons
- - U decay of unstable hadrons
.. *\ 7 X -
-0 S
v \\ (3 ,’ ¢, J. D.Bjorken Future Directions for QCD, SLABUB-6477 (1994)arXiv:hepph/9610516
' a i |\ o ®2 " J.D.Bjorken Fractal phase space as a diagnostic tool for-éigigymultijet processes,
tNee syt Phys. Rev. D 45 (1992) 4077.
Sty J. D.Bjorken, Energy Loss of Energetieartonan QuarkGluon Plasma: Possible Extinction

of High pT Jets in HadrofHadron Collisions. FERMILABPub82/59THY,
August, 1982

U A new direction for the study @CD at highenergy colliders is thigactality

of partoncascadesyhich leads to an anomalous dimension of the phase spa

U The clearly seeing this fractality is a big experimental task.

U Energy losof energetigpartonsn Quark Gluon Plasma.

M.Tokarev
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Fractal& Fractal dimension 8

Fractalis the selsimilar object whose P, D; Triad Cantor Set

Euclidean M = const independentf scale determines size 11 1l
Fractat M | const N(I) andl are changed in different way N i N "

Fractal characteristics

N(l) - number ofprobeswith M =lm aN | or
sizel covering the object -0

Hausdorff measures introduced
to evaluatethe dependence of Non |

N My - 0, d>De - BaseP=3 the original
M, = |lljm0 a !, M, - const d=D, space is divided into 3 parts
i=1 Y d<D - StructureS=101 the kst
N - is number ofprobes L ! F and 3rd parts remains

with sizel; < d and 2nd part is removed

Fractal dimensiofs the valueD: which provides the finitd1,, - Independent partition
- Number of level$N,,=5
- DimentionDg = In2/In3

Box fractal dimension D, =- lim ":n'\'(l()')

M.Tokarev PPIHE2026, IHEPProtving Russia —



Fundamental principles Symmetries 9

CMB

Self-similarity is a property of physical phenomena
and principle to construct theories

Self-similarity is thesymmetryof repeatability of structures an’.

processes with change in a scale. M ]
The selfsimilarity principle states that structures and processes W running
repeats with change of a scale. coupling constant

Cosrﬁg microwave U Self-similarity is theunifying concepfor theories of fractals and
background radiation chaos.

Phenomenorthat is selsimilar looks the same or behaves the
same when viewed at differembagnifications

Therenormalization grous related to scale invariance and -

: : . : : Renormalization
conformal invariance, symmetries in which a system appears group
the same at all scalese{f-similarity).

The shell Romanesco Electrical discharge
Russian doll of Epitoniid scalare Broccoli Lichtenbergfigure

! |1I'|I-'.|'|'I TITTT I'|T|I Thi
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https://ru.wikipedia.org/wiki/%D0%91%D1%80%D1%83%D0%BA%D1%85%D0%B5%D0%B9%D0%B2%D0%B5%D0%BD%D1%81%D0%BA%D0%B0%D1%8F_%D0%BD%D0%B0%D1%86%D0%B8%D0%BE%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0%D1%8F_%D0%BB%D0%B0%D0%B1%D0%BE%D1%80%D0%B0%D1%82%D0%BE%D1%80%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%BD%D0%BD%D0%BE%D0%B5_%D0%BD%D0%B5%D0%B9%D1%82%D1%80%D0%B8%D0%BD%D0%BE
https://ru.wikipedia.org/wiki/%D0%93%D0%B8%D0%BF%D0%B5%D1%80%D0%BE%D0%BD

Fundamental principle® Symmetries 10

"Fundamental symmetry principles dictate the basic la\
of physics, control the structure of matter, and define t

fundamental forces in Nature."
Leon M. Lederman

Selfsimilarity is a property of physical phenomena
and principle to construct theories.

Flavor, spin, masare fundamental properties of quarks.
Their origin has relevance to structure of the momentum
space at small scales.

Phase transitiorsndcritical phenomena
Search for and study new states of nuclear matter.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




Selfsimilarity 11

U A selfsimilarobjectis exactly or approximatelyimilarto a part ]

of itself (i.e. the whole has the same shape as one or more of the pa

U Selfsimilarity is a typical property diractals.

U Scale invariancas an exact form of seBimilarity where at any
magnification there is a smaller piece of the objectithsimilar
to the whole.

Description of a process in terms of
a scaling function and similarity parameter

Reynolds number Mach number Bjorkenvariable
Re=)Vvd/d Ma=v/c Xi72/2(pq)
laminar& turbulent flow  subsonic& supersonic wave  Jow x & high x

| Ua: % %0.* o Fio4 Hﬁ( # %
shock wave, explosion, confinement
25 Violation of a scaling is an indication of new phenomena.
M.Tokarev PPIHE2026, IHEFProtving Russia NE



12 Singularity of specific heat nearGaitical Point

Scale x1000

IIIIIII

T- TJ‘ degrees T- TI-,‘ millidegrees T-

Specific heat of |iCIl_Ji_dHe Heat capacity ofAr j
Superfluid transition LY
S 3 S Critical Point T
| - } T. =150.8K -
Critical Point / The isochoric heat _cape}c@v
T =519K of argon becomes infinite
c_— at the vapeotiquid critical point.
i s “T ¢ AV.Voroneb et al .
\. zh Exp.Teor Fiz. 43, 728 (1962).

M. J. Buckingham and W. M. Fairbank, 1961

H.E. Stanley, 1971

130 140

0 Near a critical point the singular part of thermodynamic
potentials is a Generalized Homogeneous Function (GHF).

U The Helmholtz potentialF(/* e *N)= F({ ,V) is GHE ).

- 0 - _ 2
o4 ¢° O (T-, ¢, = TRl T,
Critical exponents define the behavior
of thermodynamic quantities nearby tBetical Point.
M.Tokarev PPIHE2026, IHEPProtving Russia "'?ITEE




Phase diagram ¢1,0 andNuclearMatter 13

The phase diagram of water

is established

Ice llI

3 x'»r,(%;mf 4\«,})*!,; —:‘,"A 3 3::,’5&

A ek gk ol o d
‘«Jz‘?‘f b T gcd ¥ o

- [t
A drt W
“ g
XV 1
1GPa = | . 81
1X ny Lqud | | | e Te {ﬁl ¢ 7,
T | | e <§,$/;3 g»:l,évuz !A;"’,:i Tiﬁ““w; ®
¢ . p= \ :
3
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¢ il g // ¥ ‘Q »
& + ¢ ¢ ¢ ¢
Xl o .
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Vapor i‘;';[E'EQE'g‘b
Solid /
1Pa /

c.c.c.c-C:

0 100 200 300 400 500 600 700 800

Temperature (K)

Phasesige I-XV, liquid, vapoy

Phase boundaries
Phase transitions
Triple Point (16)
Critical Point (1)
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The phase diagram of strongly interacting
nuclear matter is under study

The Phases of QCD

¢ LHC Experiments

i Early Universe

155 Mey- Sross0ver

Critical Point

HACEOR DAt Superconductor

Nuclear
Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential

Phases- ?

Phase boundarie®
Phase transitions?
Triple Point- ?
Critical Point- ?

c.c.c.c.

e

A

TITT T

— o
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14

Conclusions |

Symmetry principles are a fundamental tool in modern
science, both to describe natural phenomena and to predict
new ones and to construct consistent physical theories.

Symmetry is the idea by which man has tried
| throughout the ages to comprehend and create
order, beauty and perfection.

Ej; ; M.Tokarev PPIHE2026, IHEPProtving Russia
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15

z-Scaling:
|l deas, definitilions,

- search for new symmetries in high energy physics
-search for new phenomena: partic
- a tool for data analysis, verification and development of theory

ti cal poi nt €. with strange probes.

Ej; ; M.Tokarev PPIHE2026, IHEPProtving Russia




Inclusive cross
sections of
p', Kr, p,L

in pp collisions

FNAL:
PRD 75 (1979) 764

ISR:
NPB 100 (1975) 237
PLB 64 (1976) 111
NPB 116 (1976) 77
(low py)
NPB 56 (1973) 333
(small anglek

STAR:
PLB 616 (2005) 8

PLB 637 (2006) 161
PRC 75 (2007) 064901

Self-similarity: z-scaling 16

10°

.
"
"
i

Saturation at low

LR | I LR | T LI RN |

1 | TR L Illll 1 LI
K ptp~>h+X
x10° Re, S =19-200 GeV

Energy scan of spectra
at U70, ISRSppS SPS, HERA,

E .
R 090 4 O FNAL(fixed target),
%10 : e Tevatron RHIC, LHC
Z—*GFZ .'C_U'
. = MT & 1.Zborovsky
. R - T.Dedovich
R & 3 Phys.Rev.D75(2007)094008
o m 02 10 ! % Int.J.Mod.Phys.A24(2009)1417
v K 825 g;g o J.Phys.G Nucl.Part.Phys
O p i :
2 0w e 37(2010)085008

Int.J.Mod.Phys.A27(2012)1250115
Y E VI R R J.Mod.Phys.3(2012)815

e s e e 19 Int.J.Mod.PhysA 32(2017)1750029

z

Energy& angular independence
Flavor independendg, K, p,L)

Saturation foz < 0.1
Power law (z)~z?® for highz > 4

Scalingi i ¢ o | |oh giat points onto a single curve.

M.Tokarev

Universalityclasse$ hadronspeciede-, U.).
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z-Scaling 17

Principles locality, seltsimilarity, fractality

¢ Locality: collisions ofhadronsandnucleiare expressed

via interactionof their constituents
(partons quarks and gluons)..  r.m.5, <x1

P

2

Self-similarity: interactionsof the constituents
are mutually similar

Fractality. self-similarity is valid over a wide scale rang&.

Hypothesis of-scaling:

U q Inclusive particle distributions can be described X1:X2,Ya Yp
S5 P Gems in terms of constituent stfirocesses and parameters G U lAL!) c
characterizing bulk properties of the system. Lrera

EdR0/dp? Scaled inclusive cross section of particles depends a(2)
in a selfsimilar way on a single scaling varialae
' ——,
ﬁ%ﬂ?nﬂg

M.Tokarev PPIHE2026, IHEPProtving Russia



Locality

18

Collisions of colliding objects
are expressed viateractionf their constituents

inclusive
m, particle

x>

colliding

colliding
object

object P-Mwo:

recoil m;
particle

Elementary suiprocess
(x;Mg) + (M) (Ml )+ (G M+xMo+ mylyy)
Momentum conservation law for syipocess
(X, P +X,P, T ply )2 = M2
Mass of recolil system
My= XMy +XMotmylyy,

M.Tokarev

PPIHE2026, IHEPProtving Russia

P, P, pi momentaof colliding
and produced particles

M., M,, m; T masses of colliding
and produced particles

I momentum fractions of
CO||IC2|Ing particles carried by
constituents

Ya Yp T momentum fractions of
scattered constituents carried by
inclusive particle and its recoill

Uy, U, T fractal dimensions of
Illélng particles

Ud, ( i fractal dimensions
of scattered constituents
(fragmentation dimensions)
m, 1 mass of recoil particle

M.Tokareyl . Zbor ovskl
Yu.PanebratseG.Skoro
Phys.Rev.D54 554@1996)

Int.J.Mod.Phys.A16 128@001)




r
»

%@ U my Is an arbitrary constant (fixed at the value of nucleon mas

dzS dzBXL do dzts?2 yOMmilsd yr

Selfsimilarity 19

Interactions otonstituents are mutually similar

The selfsimilarity parameter is a dimensionless quantity, expressed through
the dimensional valud3, P,, p, M;, M,, m;, m,, characterizing the process
of inclusive particle production

z=z,QV"*

P, » ;: P, P,.M,,3, . X
s1/2
— N\

Z. =
" (dNg/dd],)°m,

U q is the minimal resolution at which a constituent-pubicess
can be singled out of the inclusive reaction
. S1/2 . . .
U > Isthe transverse kinetic energy of the-pubcess
consumed on production of, & m,
U dN/dd|, is the multiplicity denS|ty of charged particleggat O
Ucis a parameter 1 nterpreted as

M.Tokarev PPIHE2026, IHEPProtving Russia



Fractality 20

Self-similarity over a wide scale range
Fractal measure

z=2z,Q "
W= (1-%,) % (1-X,)% (1-y,) * (- y,) <
P.M,.3, . 1
0<Xx,,X,<1 O0<y. y,<1

q Is relative number of configurations containing
a subprocess with fractions,, x,, v, Y, of the
corresponding 4nomenta

dy, d,, e, g, are parameters characterizing structure of the colliding
objects and fragmentation process, respectively

W (X4, X5, Y. Yy ) Characterizes resolution at which a constituent sub
process can be singled out of the inclusive reaction

The fractal measurediverges as the resoluti®M?! increases.

Z (W) |Wl- a - a
ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




Momentunfractions X, X,, Y., ¥s 21

Principle of minimal resolutionThe momentum fractiong,, x,
and vy, y, are determined in a way to minimize the resolution
gt of the fractal measurewith respect to all constituent
subprocesses taking into account®mentum conservation law:

m,

Momentum conservation law
(X, Py +x,P, T ply,)? = My2

HW/LD(]- |ya:ya(X11X2’yb) = O
HW/LD(Z |ya:ya(X11X21Yb) - O
HW/uyb |Ya:Ya(X1’X2’Yb) =0

Resolution of suiprocess 0
Q7 =(1-%) (1 x,) 2 (1- y) (2 y)

Fractionsx,, X, Y, Y, are expressed via
Mass of ecoil system Lorentz invariant$ scalar productsof
My = X, M +XM+m,ly, 4-D momentaand particle masses.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




Scaling function(z) 22

Normalization condition

o]

nY (z2)dz=1

o ’ F——
- stMzsaz
- Scale transformation

z- Uz q( z )3q(

preserves the normalization condition

d3° 30

=) F —ddepA =0, &N>

TE——
dp3 n dp inel

q( =z

(dN/d d) @

inel

Sihel - the inelastic cross section
<N> - the average multiplicity
dN/dh - the multiplicity density
J(zh;ps2y) - theJacobian
Ed®s/dp® - the inclusive cross section

c. CcC. C:. C. -

The scaling function(z) is probability density to produce
%@ the inclusive particle with the corresponding
M.Tokarev

PPIHE2026, IHEPProtving Russia



Properties of((z) in pp collisions 23

Energy independence @f(z) (st2> 20GeV)

Angular independence €f(z) (q.,,=3%90)

Multiplicity independence of](z) (dN,/dh=1.5-26)
Saturation ofj(z) at lowz (z < 0.1)

Power law( (z) ~zP, at highz (z > 4)

Flavor independence 6i(z) (" ,K,d,s,..,D,Jk,B, , étpp)

en-R an-i an- N e A N et

These properties reflestlf-similarity, locality, andfractality
of hadron interactions at a constituent level.
It concerns thatructureof the colliding objects,
constituent interactions and fragmentation process.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




24

Conclusions I

U New method of analysis of inclusive particle spectra
based on symmetry principles was proposed.

U0 The method is based on seimilarity of particle structure,
constituent interactions and fragmentation process.

U The model parameters characterize the fractal structure

of particles and medium.

Eﬁ; M.Tokarev PPIHE2026, IHEFProtving Russia TNE



z-Scaling 25

Selfsimilarity of hadron production
In p+pcollisions

p+pis of interest by itself:
- verification and search for new features
- search for a phase transition with different probes

p+pinteraction is a reference fprA andA+A physics

PS, FNAL J,W, Cronin et al.,Phys.revD 11 (1975) 3105

PS, FNAL D. Antreasyan et al., Phys. Rev. D 19 (1979) 764
u70 V.V. Abramovet al., Sov J.Nucl. Phys. 31 (1980) 484
U70 V.V. Abramovet al., JETRett. 33 (1981) 289
Tevatron, FNAL D. E. Jaffe et al., Phys. Rev. D @&1®89) 2777

ISR, CERN A. Breakstone et al., Z. Phys.@80 (1995) 55

ISR, CERN D. Drijard et al.,Nucl. Phys. B 208 (1982)

RHIC, BNL G.Agakishievet al., Phys. Relett. 108 (2012) 072302

| . Z b o yMTIMnt. B. Mod. Phys(2015) 1560103.
Int. J. Mod. Phys. A 32, 1750029 (2017)
Phys. Part. Nucbl, 141(2020)
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Self-similarity of h° production inp+p 26

Self-similarity parameter Strong sensitivityofdatain Col | ap s e o
z=2,W* . Pomtioa sathigher = onto asingle curve
s,l\/z " L p+p>h +X 3 :E £ prp2>h+X :
ZO - C :Ei 2:?2’% Bems = 90’ § (GeV) jf 107! 2 Bems = 90" é
(dNCh/dh |0) My Ng 0§ &%; - E 122 : 5" (Gev) :
_ [_4: g:g:: :4'% E 22 é Alﬂ"ifﬁz 5-05 &- oz ‘i
W_ (1 Xl) (1 XZ) (1 ya) (1 yb) _g m.ﬁz_ s, v ;gi 3 »:;«w--‘g—ﬂﬂ Eg ’ <
Z o **"* o 194 :i m: '3 3;8 " E
i dN./dh|, - multiplicity density 8w TR BRI O
i c-ispecific heato w o e Tt mee e e
u d- proton fractadimension e B SR BELE  R
i e - fragmentation fractal dimension St e " 10" O
z-Scaling
Scallng function 0 Energy independenad Y (2)
d*d U Centrality independenasd Y (z)
q( =z (dN/d ) CEd U Power law at higla
d.) inel p .
U  Saturation at low
U Universality: the same shape @i( z ) pFS. as,

U Asymptotic behavior ofY (z) at highz 7 power law.

M.Tokarev PPIHE2026, IHEPProtving Russia
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Constituent suprocess ofh® production inp+p 27

Constituent level of particle production in terms of

Momentum fraction x

1.0 L T T T T
pHp2h™+X  0gyg= 90"
I s' 7 (Gevy |
- o 115 A
X o 194
[ a 274
0.5 v 388 |
o o62
r B 63
L 7 200 ]
ﬁfm ]
0.0 L 1 | " " L "
2 4 6 8 10 12 14
pr (GeVie)

U Increases witlp;
U decreases

Recoil mass M

10 T T T T T T
prp2h +X  bgpms=90° |
S W _
L)
O |
e
< AT
E M
o 12
- 57 (GeV)
5" ¥ 200

&H0274 B 63
< 194 0O 62
o 11.5 v 388

0I2I4‘6I8I10I12‘14
pr (GeVic)
I\/IX
U increases witlp;
Wlithhc raeSa s e s

U p+pis areference fgp+A andA+A
U highx, andp; T physics nearby a kinematic boundary

Ej; ; M.Tokarev
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Energy loss qE/E=(1-y,)
e

0
Ocms = 90

e

1.0

5” (GeV) R
c 115 v 388 |
o194 0O 62
A274 B 63

B 0,50 i 200
0.0
0 2 4 6 8 10 12 14
pr (GeV/c)

0 decreases witp;
Wiithlc résases

Eé‘r“m‘u?-
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28

Conclusions Il

U Self-similarity of particle structure, constituent
Interactions and fragmentation process of hadron
production in p+p collisions was found.

U Properties of the scaling function were described.

U Model parameters structural and fragmentation
fractal dimensionand specific heat, were
determined from data analysis.

Fractal dimensiorms a fundamental property of each
particle, jJust |1 ke mass, o

I.Zborovsky& MT
Int. J. Mod. Phys. A 33, 1850057 (2018)
ICHEP 2020, Prague, July 28ugust 6
MU Physics Bulletin 79 (2024) S120
Phys. PartNucl. Lett. 22 (2025) 1
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Strangehadronproduction inpp collisions

ppis of interest by itself:
- verification and search for new features
- search for a phase transition with different probes

ppinteraction is a reference frame foh andAA physics

ritical poi nt e. with strange probes.
Origin of flavor ?

25 Int. J. Mod. Phys. A 32 (2017) 1750029
M.Tokarev PPIHE2026, IHEPProtving Russia




Self-similarity of K' production inpp 30

Self-similarity parameter nCollapseo of data |
2= 2 W R
o2 o | pp2K +X .
Z j— " 107 .V . 9 =900 :
0 C cms E
(chh/dh |0) my 102 ' .
i i q: q: 107 o 19 —é
W=(1- x,)"(1- x;)"(1- y,) " (1- yp) e 2
%10‘5 2 ?lf 2205z _
i dNg/dh[, - multiplicity density 10° F v 39 yooly 1
i c-ispecific heato o | S |
i d- proton fractaddimension 109 :;88 E%E ,
i e - fragmentation fractal dimension 1070 ‘ E
o1 [ ¢=025 8=0.5 £=03 0,=0.75 E
10-12 Lol L1l L1l L1 |1E
Scaling function 10° 1o v 1 1
, 30 U Energy independencd Y (z)
q( z) . ok ('E_l; U  Centrality independencd Y (2)
(dN/dC{)CﬁIilnel dp U Powerlaw at high

U  Saturation at low

Universality: the same shape @|(z) both for K' and "7 (solid line)

‘T‘ﬁ:r;rﬁ.=...

M.Tokarev PPIHE2026, IHEPProtving Russia




K

Self-similarity of strangenesgroduction inpp at RHIC 31

Universality:flavor independence of the scaling function

K, K, K* f,s,X,q,F* s*

102

MT&! . ZborovskT
Int.J.Mod.Phys 10
A32,1750029(2017) 107

107

- . r T 1073
Solid line for °' meson = .
is a reference frame = |

o . 10

T U :0.2, U :1 1077
107

107

ptp2>h+X
s"=200 Gev
%, midrapidity

10710 1111

U Flavor independence
U Saturation foz < 0.01

M.Tokarev

1072 10! 10° 10!
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STAR
)
PRL 92 (2004)092301
PRL 97 (2006) 132301
PLB 612(2005)181
PRC71 (2005)064902

PRC75 (2007) 064901
PRL 108 (2012) 072302

N
PH-<ENIX

PRC75 (2007) 051902
PRD 83 (2011) 052004
PRC 90 (2014) 054905

U Power lawd(z)~z" at largez
U e, agpindependent ofp;, 2

‘T‘ﬁ:r;rﬁ.=...



Selfsimilarity of strangenesgroduction inpp =2

Ke, K, K* f,8,X,q, B s*

Constituent level of particle production in terms of

Momentum fraction Recoil mass Energy loss qE/E~(1y,)
20 — T T T T T T T T
' T T T T L J 0.4 L L . L
0.25 p+p_)h+x ° p_t—p_)h+X : p+p—) h+X },/‘/ )?‘10
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0.20 - % /*,,4 | ; | . 0} E‘ U.f A E— 0.4 | o3 L midrapidity & P i
- 5] I a ,\A . UI: =05, - g /)F'
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The more strangeness, The more strangeness, The more strangeness,
the larger momentum fraction  the larger recoil mass the larger energy loss
o

X3 >x? > xF M& > M7, >ME g >0 >4,

Self-similarity dictates the properties of constituent-puticess. —Ca—

-
| I L]
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Model parameterst, U , ¢ 33

Parametersii, U, ¢ are found from
the scaling behavior of] as a function of sel§imilarity variablez

Proton fractal dimension Fragmentation dimension ASpeci fic
U S C
0.8 ——— . — 1.0 T T T T T T T T T 0.5 T
p+p- h+ X ] 0.8} p+p- h+ X 1 04} p+p- h+ X
0.6 osl o | 0l
OO - e e 09— — — — — 9~ th ~20(y_._ [S) - 090~ — — — — 9~
04l ~506 T 0.4+ ~10% _ -.--._-+0 4 0.2F ~10%
02} -e- 0.1r
02 16* 1(')2 0.0 ——"— 00 1(I)' 10°
5"*(GeV) TR KK ¢ ANTEOQ 512 (GeV)
o UG, c ar e imdependent

0 { depends on flavor

A discontinuity and strong correlation of the model parameters
could give indication on new physics in pp collisions:
Search for phase transition,
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Conclusions IV

i Strange particles are probes of the matter produced
In pp collisions.
U Self-similarity of strange particle structure, constituent
Interactions and fragmentation process was confirmed.
U The fractal structure of strange particles was justified.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia
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Top quark production ipp collisions at theeHC

What abouself-similarity andflavor independence
of (z) for top quarkproduction inpp collisions at the. HC ?

ritical

J.Mod.Phys.3(2012)815
ISMD2016
Phys.Part.Nucl.Lett.14(2017)681

i

.!1I'|I'.|'|'I r‘;!.nl.l:l"ll.
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Fundamental principles and symmetries 36

"Fundamental symmetry principles dictate the basic la\
of physics, control the structure of matter, and define t
fundamental forces in Nature."

Leon M. Lederman

Self-similarity is a property of physical phenomena
and principle to construct theories.

Flavoris a fundamental property tdp quark.
The flavor has relevance to the structure
of the momentum space at small scales.

Top physicss a pillar of the current research prograniaP
and provides stringent tests 9.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




Top quarkproduction and decay 37

Gluon fusion Quarkantiquark

Top-quark discovery . . ‘ 4 annihilation
q f

] i . J ]

CDF Collah. F.Abe et al. L f
Phys. RevLett. 74 (1995)2626. LHC 13TeV ~90% ~10%
Dn Collab. S.Abachi et al. LHC 7,8TeV ~ 85% ~15%
Phys. RevLett. 74(1995)2632. Tevatron 1.96TeV ~ ~ 15% ~85%

ma 1Ge’ +
e ,u .1

.
g<b e W decay modes
t VeV, Vo
W uc

d,s
dileptons lepton+jets all hadronic
v
S A ERTR _,V jet jet
>y MET
b- jet
I'.q b-jet b-jet
Alberto OrsoMaria lorio eu.1

(for the Atlas, CMS, andHCb collaborations-9%
DIS2016, Hamburg, Germany
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Self-similarity of top quark production inpp 38

Self-similarity parameter hColl apseo of dat a
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Top production at a constituent level 39

Momentum fractions

. VS.pr& ds. Top quark
- +p(p )—>t0 +X ] 2
p pnpd pd[t)y | ytg)p a: 1 .
LJopoa 0 J
X, 5 My a my,
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i EEE O,8 X <o ; E _ 1
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Negligible energy | oxstoY hi gh
- structure of colliding objects (dimensions, U.,)
-constituent I nter@ctions ( N
- transition of poindike massless top to massive {op,, am,,) M

Verification of unlversallty ofd(z) shape over a widerange.

SE Extraction Ofuop estimation of
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Self-similarity of top quarkproduction at HC @ Tevatron
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LHC & Tevatron data
confirm seltsimilarity

9 of top quark production ipp & pb
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Conclusions V

U Understanding flavor origin based on top quark production

u Selfsimilarity of top quark structure, its interactions and
fragmentation process was confirmed.

U The fractal structure of top quark was justified.

U Negligible energy loss was found.

ij; ; M.Tokarev PPIHE2026, IHEPProtving Russia




42

Jet production imp collisions atLHC

- Jet as a probe of constituent interactions at small scale
- Self-similarity of constituent substructure

JetEf= 1.65TeV JetE;=1.96TeV JetE; = 3.2TeV

JetE; =3.2TeV

Int.J.Mod.Phys.A15 (2000) 3495
Int.J.Mod.Phys.A27 (2012) 1250115
Phys. PartNucl. 51 (2020) 141
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Motivation & Goals 43

Development ofz-scaling approach for descriptionjet production
In inclusive reactions to search for signatures of new physics
(phase transitions, quark compositeness, extra dimensions, black hol
fractality of spacetime,c o mp | ement ary restri ci

Analysis of experimental data on jet production %~
In pp obtained at théHC to verify properties of-scaling :- 3‘ b 3
observed impp collisions at the SppS Tevatron =

U Jet is a direct manifestation lmdronstructure at a constituent level
U Non-perturbativemechanism of quark, gluon fragmentation into hadrc
U Properties of suistructure of the colliding objects, interactions
of their constituents, and fragmentation process at small scales.
U Jets as objects for identification of particlesbpr oduct i on,
%% Fundamental principles (sedfmilarity, fractality)

M.Tokarev PPIHE2026, IHEPProtving Russia



Inclusive Jets aATLAS & z-Scaling 44
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15082 NERclysive Jets aEMS @ DI & z-Scaling
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U Energy independence @f(z)
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Selfsimilarity of jet production affevatronandLHC 46

Atthe energya s TRV, &iighest momentump; © 2.4TeV/c,
smallest scale- 800> fm
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Selfsimilarity of jet production affevatronandLHC 47
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Conclusions VI

Jets are direct indications on substructure of hadrons.
Jets are probes of hadron and nuclear medium.
Selfsimilarity of jet production was confirmed.

Fractal structure of jets was justified.

Universality of tagged jet structure was suggested.

cC: C. C. C
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G.A.Leksin

Cumulative particle, process,e gi on, é9

A.M.Baldin & V.S.Stavinsky(1971,1973

The cumulative particle is a particle produced
In the region forbidden for free nucleon kinematics:

R prX
. A S P
(R+PR, -p> M2 minM, == p >p;
p+A ; PA
¢ "l p_=400 GeVic 3. PL=50Gevic

10
; Conservation laws:
A 4-momentum

A electric charge

A baryon number
e A flavor

14}

12}
V.V.AmMmosoV [

(2013)
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Hadron production
In pp& pA at highp; in noncumulative region
as a reference frame for cumulative processes

PS, FNAL J.W. Cronin et al.,Phys.revD 11 (1975) 3105

PS, FNAL D. Antreasyan et al., Phys. Rev. D 19 (1979) 764
u70 V.V. Abramovet al., Sov J.Nucl. Phys. 31 (1980) 484
u70 V.V. Abramovet al., JETR.ett. 33 (1981) 289
Tevatron, FNAL D. E. Jaffe et al., Phys. Rev. D @1®89) 2777

ISR, CERN A. Breakstone et al., Z. Phys.@80 (1995) 55

ISR, CERN D. Drijard et al.,Nucl. Phys. B 208 (1982)

RHIC, BNL G.Agakishievet al., Phys. Relett. 108 (2012) 072302

| . Z b o yMTMm. B. Mod. Phys(2015) 1560103.
Int. J. Mod. Phys. A 32, 1750029 (2017)
Phys. Part. Nucbl, 141(2020)
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Selfsimilarity of hadron production ip+A

A quarter of a century agp+A atFNAL & U70

Spectra irp; and z-presentation
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Cumulative lowp; pion production imp+A atFNAL 52

i I {‘" FNAL (J.Cronin G.Leksin D.Jaffe & U70(R.Sulyaey
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Conclusions VI

U Selfsimilarity of particle structure, constituent interactions
and fragmentation processluddronproduction in non
cumulative and cumulative regions A collisions were
verified.

U Smooth behavior of] ( mthe overlapping range was found.

0 There is no observed discontinuity of fractal dimensiaing)

and ANnspeci fi c heato
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Séaling features of hadron production
In Au+Au atRHIC

Probing microscopic structure of the hand high
density nuclear matter at multiple length scales

Self-similarity of hadronproduction
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Central Au-Au 0 stk
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Int. J. Mod. Phys(2015) 1560103
Nucl. Phys. A993 (2020) 121646
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Selfsimilarity in Au+Au collisions 57
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Self-similarity of h production in centraAu+Au  ss

Constituent suprocess in terms of

Momentum fraction Ax Recoil mass M Energy loss qE/E=(1-y,)
| STAR BES-I AutAu—~h+X | Au+tAu—=h+X STAR BES-1 | AutAu—h+X STAR BES-I 4
1.5 - 0-5% central = I 0-5% central 1 1.0 - 0-5% central
L i<0.5 g2 oy | . I nl<0.5 1 [n|<0.5 512 Gev)
Ax. | + 97 A 27 1 % W | e |
F 0115 v 39 Q 1o ¢ - . f
10 - > 0196 0 627 w e Ya 21119; Z Z;’
200 | b i # 200 |
12 0.5
- 42 (Gev)
0.5 © 19.6 Y200 |
o 115 O 62
+ 77 v 39
5 J NH27
U.O L | L | L | L | L | L | 1 - - L
0 2 4 6 8 10 12 ¢ 2 4 6 8 10 12 00 ——-"t—r—~r——t
pr (GeV/e) pr (GeV/c) 0 2 4 6 8 10 12
pr (GeV/ic)
A M, GEE
U Increases witlp; i increases witlp, U decreases witp;

i decreasss Wiithnhcrd assgs @l nhr &assgs w

Smooth behavior ok, ,y,, My Vvs. p; , centrality, collision energy

i Highx,andp; Y compressed matter
U LargeMyY high density recoil
U Highy, Y small energy |

=

|:||FI'I'I'I'!?'|'II1T|:||.

M.Tokarev PPIHE2026, IHEPProtving Russia



Nucleus fractal dimension Fragmentation dimension
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Model parametersi,, Uk, Can
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Parametersti,, Ul,, s are determined from the requirement
of scaling behavior of] as a function of sel§imilarity parameter
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Conclusions o0

U Some results of data analysisdrarged hadrons, strange mesons and
baryons, jet and top quapkoduction inpp collisions obtained at tHg70,
ISR, RHIC, Tevatron, LH@ising thez-scaling approach were presented

and discussed.

U z-Scaling of particle production manifests s&lhilarity, locality and
fractality of hadron interactions at a constituent level.

U Results of analysis of tH&TAR BESI data on negative hadrons produced
in Au+Au collisions demonstrate smooth behavior4presentation vs.
collision energy, centrality over a wide rangexefand support the concept.

U Parameter correlations as signatures of phase transitio@tnzhl Point
were suggested.

U z-Scaling gives restriction on the asymptotic behavior of particle spectra
In high-p; region.

Verification of z-scaling concept can be of interest in searching
for new phenomena in particle and nuclear physics over a wide range

g‘é: of transverse momentum and collision energy.
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