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Motivation & Goals

Search for new symmetries in Nature
Systematic analysis of inclusive cross sections of particle production
in pp, pA and AA collisions to search for general features of constituent
structure, interaction and fragmentation over a wide scale range

z-Scaling as a tool in high energy physics

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

Some results of data analysis obtained in pp and AA collisions
at U70, ISR, RHIC, Tevatron, LHC

The approach can be used to study
Symmetry of constituent interactions at small scales
Origin of flavor, spin,...

Similarity and difference of u,d,s,c,b,t quark fragmentation
Strangeness as a probe to search for new physics
Phase transitions in pp, pA and AA 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

“...for every conservation law there must be a continuous symmetry....”
Emmy Noether

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

“Scaling” and “Universality” are concepts developed
to understand critical phenomena.
Harry E. Stanley, Grigory I. Barenblatt,...
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Similarity and self-similarity 5

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

2. Object is self-similar if it is composed of parts similar to it
as a whole.

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

Fractal

Similar objects Self-similar
object

D=2 D=2

D=In8/In3=1.89, D;=1
D=2 D;=2

Topological dimension: point, D:=0; line, D=1; surface, D=2; volume, D=3.
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The Koch curve — Self-similar fractal curve 6

=4, 3 _
P 1 z=2,-¢"°

/\ A curve length is a measure
> of fractal curve

z(&)| 4, —>®©

Swedish mathematician
Nils Fabian Helge von Koch
(1870-1924)

1 qn resolution

E
D = Ln(p)/Ln(q) fractal dimension
D

r =1  topological dimension
o=D- DT anomalous fractal dimension
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Multiple production & Fractals

T I Set of hadrons produced in inelastic interaction are set
.o -\5-‘,-,,‘. r ,;.‘.;..:} of points of the phase-space {p,n,p}
o o e ". f h ' /@ 1.
o A= LY
o o.\ ;’ s | \\ A .,: * . . . . . . .
e 22 T e The distribution of points is determined
AR B \“ PYex, by the interaction dynamics:
.-.ffii,'l VO e » hard scattering
AR 5 i _3"' %+ » parton showers in the initial and final state
:.._?.j..‘ \' ‘; oo, %+ » multiparticle interactions
o, ) | :o. K . .
== N ceeres = » fragmentation of partons into hardrons
' . S_ » decay of unstable hadrons
v N o 7 ¢, J.D. Bjorken, Future Directions for QCD, SLAC-PUB-6477 (1994); arXiv:hep-ph/9610516
.,' ol :" e \'\I: " J. D. Bjorken, Fractal phase space as a diagnostic tool for high-energy multijet processes,
tNee syt Phys. Rev. D 45 (1992) 4077.
Sty J. D. Bjorken, Energy Loss of Energetic Partons in Quark-Gluon Plasma: Possible Extinction

of High pT Jets in Hadron-Hadron Collisions. FERMILAB-Pub-82/59-THY,
August, 1982
» A new direction for the study of QCD at high-energy colliders is the fractality
of parton cascades, which leads to an anomalous dimension of the phase space.
» The clearly seeing this fractality is a big experimental task.
» Energy loss of energetic partons in Quark Gluon Plasma.
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Fractal & Fractal dimension 8

Fractal 1s the self-similar object whose Dy # D Triad Cantor Set

N(/) - number of probes with M =lm ZN: ] or - _
N N H u

size [ covering the object I-0
Euclidean: M = const independent of scale, determines size I l l l 1l ' I
Fractal: M #const N(/) and/ are changed in different ways " " “ " " " " "

Fractal characteristics

1

Hausdorff measure 1s introduced
to evaluate the dependence of N(/) on [

L& My =0, d> Dy - Base P=3, the original
My, = }5]130 Z L M, — const, d=D, space 1is divided into 3 parts
i=l - Structure S=101, the 1-st
My ==, d <Dy and 3-rd parts remains
and 2-nd part 1s removed
Fractal dimension is the value Dy which provides the finite M;; - Independent partition
- Number of levels N,,=5
- Dimention Dy = In2/In3

N - is number of probes
with size /, <d

: - . InN(
Box fractal dimension D, =—lim — Q)
-0 In(/)
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Fundamental principles & Symmetries

Self-similarity 1s a property of physical phenomena
and principle to construct theories

> Self-similarity is the symmetry of repeatability of structures and ..

processes with change in a scale.

» The self-similarity principle states that structures and processes

repeats with change of a scale.

» Self-similarity is the unifying concept for theories of fractals and

chaos.

Phenomenon that is self-similar looks the same or behaves the
same when viewed at different magnifications.

The renormalization group is related to scale invariance and
conformal invariance, symmetries in which a system appears
the same at all scales (self-similarity).

The shell Romanesco Electrical discharge
of Epitoniid scalare Broccoli Lichtenberg figure

PPIHE2026, IHEP, Protvino, Russia

Olg— running
coupling constant

Renormalization
group
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https://ru.wikipedia.org/wiki/%D0%9F%D1%80%D0%BE%D1%84%D0%B5%D1%81%D1%81%D0%BE%D1%80
https://ru.wikipedia.org/wiki/AGS_(%D1%81%D0%B8%D0%BD%D1%85%D1%80%D0%BE%D1%82%D1%80%D0%BE%D0%BD)
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%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 principles & Symmetries 10

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

Leon M. Lederman

Self-similarity 1s a property of physical phenomena
and principle to construct theories.

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

Phase transitions and critical phenomena.
Search for and study new states of nuclear matter.
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Self-similarity 1

» A self-similar object is exactly or approximately similar to a part .
of itself (1.e. the whole has the same shape as one or more of the parts).

» Self-similarity is a typical property of fractals.

» Scale invariance is an exact form of self-similarity where at any
magnification there is a smaller piece of the object that is similar

to the whole.
Description of a process in terms of
a scaling function and similarity parameter
Reynolds number Mach number Bjorken variable
Re= pVd/m Ma=v/c X =—q*/2(pq)
laminar & turbulent flow  subsonic & supersonic wave low x & high x
n,a: % %:'* ot +% % %
shock wave, explosion, confinement
25 Violation of a scalhng 1s an indication of new phenomena. —Cn
-~ FE
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2= Singularity of specific heat near a Critical Point

SpeCiﬁC heat of 11qu1d 4He Heat Capacity of Ar
Superfluid transition

i Critical Point
Scale 1,000,000 *r } TC :150.8K
T Critical Point | / The isochoric heat .capalety Cv
T T —519K of argon becomes infinite
ok c = s |- at the vapor-liquid critical point.
T, dogrss TT, mikdegross  T-T, mirodegrees °r %\ A.V. Voronel’ et al.
M. J. Buckingham and W. M. Fairbank, 1961 Zh. Exp. Teor. Fiz. 43, 728 (1962).

130 140 150 180

H.E. Stanley, 1971

» Near a critical point the singular part of thermodynamic
potentials 1s a Generalized Homogeneous Function (GHF).

» The Helmholtz potential F(A%e,A"V)=AF(&,V) is GHF of (&,V).
cy ~el™” e=(T-T)/T, Cv = ~T(0°F /5T2)‘V

Critical exponents define the behavior
of thermodynamic quantities nearby the Critical Point.

15;-.. B,

! TILLLIE] I"|T|'I it

M.Tokarev PPIHE2026, IHEP, Protvino, Russia




Phase diagram of H,O and Nuclear Matter 13

Ice IIT

The phase diagram of water
is established

The phase diagram of strongly interacting
nuclear matter is under study

1TPa
iEa”y (nivere The Phases of QCD
¢ LHC Experiments
1GPa —
a
IX HY load | | e
9 A
ﬁMPa // . Quark-Gluon Plasma
0 c||mh - WA » ,;
ﬂ‘: Xl y // 9.9 "§Q¢ : 155 Mev...c.;?§§(’.v.e[ %Future FAIR Experiments
proisiesiele [ %=
1kPa " Pa’e 4% ¢
Vapur :’:ﬁ:‘z‘: Critical Point
Solid / { 4. ¢.¢. ¢ Hadron Gas Sipetcohdictor
1Pa / Nuclear
Matter M

900 MeV
Baryon Chemical Potential

0 100 200 300 400 500 600 700 800 900 1000
Temperature (K)

> Phases (ice I-XV, liquid, vapor) > Phases -?

» Phase boundaries »  Phase boundaries -?
» Phase transitions »  Phase transitions - ?
» Triple Point (16) »  Triple Point - ?

»  Critical Point (1) »  Critical Point - ?

s
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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 1s the 1idea by which man has tried
throughout the ages to comprehend and create
order, beauty and perfection.

E! ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia
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15

z-Scaling:
ideas, definitions, hypothesis,...

- search for new symmetries in high energy physics
- search for new phenomena: particle substructure, phase transitions,...
- a tool for data analysis, verification and development of theory

|:||FI'I'I'I'!?'|'II1T|:||.
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Inclusive cross
sections of
T, K7, p, A

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 angles)

STAR:
PLB 616 (2005) 8
PLB 637 (2006) 161
PRC 75 (2007) 064901

Self-similarity: z-scaling 16

Saturation at low z

i b e Energy scan of spectra

llllllll 1 | L3 2B B ]
+p—~>h+X
pl,pmo( : at U70, ISR, SppS, SPS, HERA,
108 F x10° s °=19-200 Ge N
0, =3%90° o FNAL(fixed target),
10! | x10° %‘3 Tevatron, RHIC, LHC
rhad I
5 10° = MT & [.Zborovsky
< T.Dedovich
10° 5 Phys.Rev.D75(2007)094008
wE o w02 1o [ 3 £ IntJModPhys.A24(2009)1417
v K 8-25 g-;g A J. Phys.G: Nucl.Part.Phys.
10° O p .3 :
X oo 37(2010)085008
o ] Int.J. Mod.Phys.A27(2012)1250115
e J.Mod.Phys.3(2012)815
W L < o Int.J.Mod.Phys. A 32(2017)1750029

» Energy & angular independence
> Flavor independence (mt, K, p, A)

» Saturation for z < 0.1
> Power law W(z)~z?P for high z > 4

Scaling — “collapse” of data points onto a single curve.

M.Tokarev

Universality classes — hadron species (g, o).

o
EILLLAE L R RRR T
i [ 1
L
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z-Scaling 17

Principles: locality, self-similarity, fractality

I} Locality: collisions of hadrons and nuclei are expressed

via interactions of their constituents <
Xl

P O P (partons, quarks and gluons,...).  P.M.3,

2

Self-similarity: interactions of the constituents
are mutually similar.

Fractality: self-similarity is valid over a wide scale range.

Hypothesis of z-scaling :

. 0 Inclusive particle distributions can be described X1:X2:Y Y1
577 P> Yems in terms of constituent sub-processes and parameters

. : 01,09,€,,E »C
characterizing bulk properties of the system.

Ed3o/dp’ Scaled inglugive Cross sectipn of part-icles dc?pends ¥(2)
in a self-similar way on a single scaling variable z.

Eé‘r“m‘u?-
|1I'II-. 5 i
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Locality

Collisions of colliding objects
are expressed via interactions of their constituents

inclusive
m,  particle

x2>‘

colliding

colliding
object FrMwo:

P-M2-8: object

recoil m)
particle

Elementary sub-process:
xM)) + (x;M, ) — (my/y, )+ (x;M+x,M,+ my/y;, )
Momentum conservation law for sub-process
(x,P+x,P, —ply,)* = My?
Mass of recoil system
My=x ;M +x,M,+my/y,,

M.Tokarev

PPIHE2026, IHEP, Protvino, Russia

P,, P,, p— momenta of colliding
and produced particles
M,, M, , m; — masses of colliding
and produced particles
X, X, — momentum fractions of

colhdmg particles carried by
constituents

Y. Yy — momentum fractions of
scattered constituents carried by
inclusive particle and its recoil

d,, 0, — fractal dimensions of
colliding particles

€, &, — fractal dimensions
of scattered constituents
(fragmentation dimensions)
m, —mass of recoil particle

M.Tokarev, I.Zborovsky
Yu.Panebratsev, G.Skoro
Phys.Rev.D54 5548 (1996)
Int.J.Mod.Phys.A16 1281 (2001)




Self-similarity 19

Interactions of constituents are mutually similar

The self-similarity parameter z is a dimensionless quantity, expressed through
the dimensional values P,, P,, p, M,, M,, m,, m,, characterizing the process
of inclusive particle production

it

P, i
,.-"': 7z = ZO ’ Q
> .:': Pz P,M,, o, =< o 220,
B s’
“07 AN Jdn )
X (AN /dn|,) " my

m

» Q1 is the minimal resolution at which a constituent sub-process
., can be singled out of the inclusive reaction
» 51 is the transverse kinetic energy of the sub-process
consumed on production of m; & m,
» dN_,/dn|, is the multiplicity density of charged particles at =0
» ¢ 1s a parameter interpreted as a “specific heat” of created medium
» my 1s an arbitrary constant (fixed at the value of nucleon mass)

M.Tokarev PPIHE2026, IHEP, Protvino, Russia



Fractality 20

Self-similarity over a wide scale range

Fractal measure

z=2,-Q"
Q=(1-x)"(1-x,)"(1-y,)* (1-y,)" <
P.M,. 5, — 1
0<x,,x,<l 0<y,,y, <1

Q) 1is relative number of configurations containing
a sub-process with fractions x, x,, y,, y,, of the
corresponding 4-momenta

0y, 05, €,, &, are parameters characterizing structure of the colliding
objects and fragmentation process, respectively

Q1 (xy,X,,Y¥,Y,) characterizes resolution at which a constituent sub-
process can be singled out of the inclusive reaction

The fractal measure z diverges as the resolution Q! increases.

z(Q)| ., >

‘T‘ﬁ:r;rﬁ.=...

M.Tokarev PPIHE2026, IHEP, Protvino, Russia




Momentum fractions X, X5, V,, ¥, 21

Principle of minimal resolution: The momentum fractions x, x,
and y,, y, are determined in a way to minimize the resolution

Q! of the fractal measure z with respect to all constituent
sub-processes taking into account 4-momentum conservation law:

Momentum conservation law
(x,P+x,P, —p/ Ya)2 = sz

Ya ZYa (Xl »X9 aYb ) _

00 /0%,
Q) /0x,
0Q /3y,

Ya=Ya (Xl »X2,Yp ) B

Ya=VYa (Xl »X2 5Yb) B

Resolution of sub-process
- -0 -0 -€ -€y,
Q" =(1-x)"(=x,) 2 (1-y,) " (1-y,)

Fractions x,, X, ,y,, ¥, are expressed via
Mass of recoil system Lorentz invariants — scalar products of
My= x, M, +x,M,+m,/y, 4-D momenta and particle masses.

M.Tokarev PPIHE2026, IHEP, Protvino, Russia




Scaling function Y(z) 22

Normalization condition

T‘P(Z)dz =1

/. 0 P @ P
) 2> P,M..5, 1 4 A 2
. Scale transformation

z—>0z Y(z)— o) VY(z)

preserves the normalization condition X
¥(z) = 1 J7 Ed3 <) IE ®dyd’p =0, -<N>
(@NAN)-Gpy  dp YT O
c..., - the inelastic cross section

inel

<N> - the average multiplicity
dN/dn - the multiplicity density
J(z,M:;p+2,y) - the Jacobian

Ed’c/dp? - the inclusive cross section

YV VYV VY

The scaling function ¥(z) is probability density to produce

25 the inclusive particle with the corresponding z.
M.Tokarev PPIHE2026, IHEP, Protvino, Russia




Properties of W¥(z) in pp collisions 23

Energy independence of ¥(z) (s2> 20 GeV)

Angular independence of ¥(z) (6_,,.=3°-90°)

Multiplicity independence of W(z) (dN_/dn=1.5-26)
Saturation of W(z) at low z (z < 0.1)

Power law, W (z) ~zP, at high z (z > 4)

Flavor independence of Y(z) (n,K,p,A,...D.J/y,B,Y,..., top)

V V.V V V V

These properties reflect self-similarity, locality, and fractality
of hadron interactions at a constituent level.
It concerns the structure of the colliding objects,
constituent interactions and fragmentation process.

Eﬂ; ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia




24

Conclusions 11

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

» The method 1s based on self-similarity of particle structure,
constituent interactions and fragmentation process.

» The model parameters characterize the fractal structure
of particles and medium.

Eﬂ; ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia




z-Scaling 25
Self-similarity of hadron production
in p+p collisions
pTp 1s of interest by itself:

- verification and search for new features
- search for a phase transition with different probes

ptp interaction is a reference for p+A and A+A physics

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

PS, FNAL D. Antreasyan et al., Phys. Rev. D 19 (1979) 764

u70 V.V. Abramov et al., Sov. J. Nucl. Phys. 31 (1980) 484
u70 V.V. Abramov et al., JETP Lett. 33 (1981) 289
Tevatron, FNAL  D. E. Jaffe et al., Phys. Rev. D 40 (1989) 2777

ISR, CERN A. Breakstone et al., Z. Phys. C 69 (1995) 55

ISR, CERN D. Drijard et al., Nucl. Phys. B 208 (1982) 1

RHIC, BNL G. Agakishiev et al., Phys. Rev. Lett. 108 (2012) 072302

[.Zborovsky, MT, Int. J. Mod. Phys. (2015) 1560103.
Int. J. Mod. Phys. A 32, 1750029 (2017)
Phys. Part. Nucl. 51, 141 (2020)

K "ﬁ_'.-"ﬁ..._'_
TILLLIE] r:||.

M.Tokarev PPIHE2026, IHEP, Protvino, Russia —


https://journals.aps.org/search/field/author/J%20W%20Cronin
https://journals.aps.org/search/field/author/H%20J%20Frisch
https://journals.aps.org/search/field/author/M%20J%20Shochet
https://journals.aps.org/search/field/author/J%20P%20Boymond
https://journals.aps.org/search/field/author/J%20P%20Boymond
https://journals.aps.org/search/field/author/P%20A%20Pirou%C3%A9
https://journals.aps.org/search/field/author/P%20A%20Pirou%C3%A9
https://journals.aps.org/search/field/author/R%20L%20Sumner
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.11.3105

Self-similarity of h™ production in p+p 26

Self-simﬂarity parameter Strong sensitivity of data  “Collapse” of data point
_ -1 point to \'s at high Pt onto a single curve
Z_ZOQ 100 g7 — T T T T T T T T 1 10* grrm T T T T T T E
1/2 o b ) E L . 1
7, = S oy PRI Iows P
0o c 102 ;_ g Bems = 90 s'? (Gev) 3 10! %7 Bems = —%
(dNCh/dn |O) mN *?} 107 é_ % w 200 2 :Ej 3 §72 (GeV) E
2 10t B 80 8 63 = S E € E
6 6 E‘?, -5 E_ o? %’* o * :‘ - £ - ‘:
Q=(1-x)°(1-x,)°(1-y, )" (I-y,)* 2= =%,
= E e 1 ¥ A : b= Lt O " 3
o ) ﬂ% 107 ;f v, *y . o f;: g i[;? ? v 238 " E
» dN_/dn|, - multiplicity density CI 5 AT R O ]
1 2 10? E o fTos « Z -9 i ‘ _ Y E
> ¢ - “specific heat” of bulk matter 0 f 0 ue I e 1
. . 11 f_ & v @ B 3 % , %
» O - proton fractal dimension N TR i B E
10-[‘2 traal 1 Lol 1 Lol 1
> g - fragmentation fractal dimension v ;T Geviey 10 e 10!
z-Scaling

Scaling function > Energy independence of W(z)
T B d’c > Centrality independence of ¥(z)
’ >

- (dN/dn)-o. ' d—p3 Power law at high z
>  Saturation at low z

(2)

inel

» Universality: the same shape of ¥(z) vs. Vs, Pt
» Asymptotic behavior of W(z) at high z — power law.

N,
!‘ S
|1I'II-. 5 i
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Constituent sub-process of h™ production in p+p 27

Constituent level of particle production in terms of

Momentum fraction x, Recoil mass My Energy loss AE/E=(1-y,)
10 ————— — ——
1.0 i " r _ o i — T T T — T T T T
ptp~>h +X chSE%G 1 r p+p_)h X foms =90 E p+p—)h +X 1
I ' (Gev) | . I W ] 1.0 Oms = 90" i
X I o 115 :q>) r . |
' S ] r, e |
5+ v s >< AT a f
gl iR L
/ 200 | o ’ s'F Gev) . 52 (Gev)
7 k200 ] o115 v 388
ﬁfw/ _ coaa e 6 o194 O 62 |
_sgt ] < 194 O 62 A 274 @ 63 g
L e 50" 0115 v 388 % 200
O'O 4 6 8 10 12 14 L 0.0 L
pr (GeVie) 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
pr (GeV/ic) Py (GeV/c)
. i My AE/E
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Conclusions II1

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

»  Properties of the scaling function were described.

» Model parameters — structural and fragmentation
fractal dimensions and specific heat, were
determined from data analysis.

Fractal dimension is a fundamental property of each
particle, just like mass, charge, spin, flavor,...

[.Zborovsky & MT

Int. J. Mod. Phys. A 33, 1850057 (2018)
ICHEP 2020, Prague, July 28 —August 6

MU Physics Bulletin 79 (2024) S120

Phys. Part. Nucl. Lett. 22 (2025) 15
.,|ir1rﬁ'l;‘!r]*'l"|ﬁrﬁ|:|..
ez [ tmm
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Strange hadron production in pp collisions

pp 1s of interest by itself:
- verification and search for new features
- search for a phase transition with different probes

pp Interaction is a reference frame for pA and AA physics

Origin of flavor ?

25 | Int. J. Mod. Phys. A 32 (2017) 1750029 | ﬁ?&?
M.Tokarev PPIHE2026, IHEP, Protvino, Russia “INE



Self-similarity of K production in pp 30

Self-similarity parameter “Collapse” of data points onto a single curve
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>  Saturation at low z

Universality: the same shape of W(z) both for K™ and n (solid line)
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Self-similarity of strangeness production in pp at RHIC 31

Universality: flavor independence of the scaling function
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Self-similarity of strangeness production in pp
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Constituent level of particle production in terms of
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Self-similarity dictates the properties of constituent sub-process.
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Energy loss AE/E~(1-y,)
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Proton fractal dimension
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Model parameters: 0, €, C

Parameters 0, gz, ¢ are found from
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the scaling behavior of W as a function of self-similarity variable z
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A discontinuity and strong correlation of the model parameters
could give indication on new physics in pp collisions:
Search for phase transition, critical point
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Conclusions IV

> Strange particles are probes of the matter produced
in pp collisions.
» Self-similarity of strange particle structure, constituent
interactions and fragmentation process was confirmed.
» The fractal structure of strange particles was justified.

Eﬂ; ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia
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Top quark production 1n pp collisions at the LHC

What about self-similarity and flavor independence
of ¥(z) for top quark production in pp collisions at the LHC ?

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

i

! !1|1|'.I'I'l I"‘;!'l'llfln-.._
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Fundamental principles and symmetries 36

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

Leon M. Lederman

Self-similarity 1s a property of physical phenomena
and principle to construct theories.

Flavor 1s a fundamental property of top quark.
The flavor has relevance to the structure
of the momentum space at small scales.

Top physics 1s a pillar of the current research program in HEP
and provides stringent tests of SM.

Eﬂ; ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia




Top quark production and decay 37

Gluon fusion Quark-antiquark

Top-quark discovery ‘ : : : annthilation

q f

] i g d ]

CDF Collab. F.Abe et al. ¥ f
Phys. Rev. Lett. 74 (1995)2626. LHC 13 TeV ~90% ~10%
D@ Collab. S.Abachi et al. LHC 7.8 TeV ~ 85% ~15%
Phys. Rev. Lett. 74(1995)2632. Tevatron 1.96 TeV ~15% ~85%

m, = 170 GeV

b W
i W decay modes
t VeV, Vo
uc
W+
L<

d,s
dileptons lepton-jets all hadronic
v
e: !“l7 T i v :
MET M1 ‘ Jet .]et
...o' & __.".: & MET MET
b- jet b-jet ) ]
r.q b-jet b-jet g jet b-jet

Alberto Orso Maria lorio G T o jet
(for the Atlas, CMS, and LHCb collaborations~9% J ~45%,

DIS2016, Hamburg, Germany
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Self-similarity of top quark production in pp 38

Self-similarity parameter
z=z,Q"

“Collapse” of data points onto a single curve

Solid line for ™ meson

Sl/2 1s a reference curve
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ep - fragmentation fractal dimension
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Scaling function
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Y(z)= : —
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Universality: the same shape of W(z) both for top and mn (solid line)
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Top production at a constituent level 39

Momentum fractions

S Pr & \/S _ Top quark:
; pp(p)>top+X 5 ~
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Negligible energy loss — high sensitivity at high x, to
- structure of colliding objects (dimensions 9, , 9,)
- constituent interactions ( “specific heat” ¢ )
- transition of point-like massless top to massive top (m,,, ~m,,) !!!

Verification of universality of W(z) shape over a wide z-range.
! i Extraction of ¢, — estimation of energy loss.

.:uirrn'f!;'lnm:n.
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Self-similarity of top quark production at LHC @ Tevatron
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Conclusions V

» Understanding flavor origin based on top quark production.

» Self-similarity of top quark structure, its interactions and
fragmentation process was confirmed.

» The fractal structure of top quark was justified.

» Negligible energy loss was found.

Eﬂ; ; M.Tokarev PPIHE2026, IHEP, Protvino, Russia



Jet production in pp collisions at LHC

JetEy= 1.65TeV

M.Tokarev

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

Jet E; = 1.96TeV Jet E; = 3.2TeV

Jet E; = 3.2TeV

Int.J.Mod.Phys.A15 (2000) 3495
Int.J.Mod.Phys.A27 (2012) 1250115
Phys. Part. Nucl. 51 (2020) 141

PPIHE2026, IHEP, Protvino, Russia
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Motivation & Goals 43

Development of z-scaling approach for description of jet production
in inclusive reactions to search for signatures of new physics
(phase transitions, quark compositeness, extra dimensions, black holes,
fractality of space-time, complementary restrictions for theory,...)

Analysis of experimental data on jet production
in pp obtained at the LHC to verify properties of z-scaling .‘
observed in pp collisions at the SppS, Tevatron. -

» Jet is a direct manifestation of hadron structure at a constituent level
» Non-perturbative mechanism of quark, gluon fragmentation into hadrons
» Properties of sub-structure of the colliding objects, interactions
of their constituents, and fragmentation process at small scales.
» Jets as objects for identification of particles (t,b production,...)
%g Fundamental principles (self-similarity, fractality)

M.Tokarev PPIHE2026, IHEP, Protvino, Russia



Inclusive Jets at ATLAS & z-Scaling 44
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ATLAS Collaboration
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ATLAS confirms
z-scaling of jet production in pp

‘T‘ﬁ:r;rﬁ.=...
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Inclusive Jets at CMS @ DO & z-Scaling 45
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Self-similarity of jet production at Tevatron and LHC 46

At the energy - Vs = 8 TeV, highest momentum - pr=2.4TeVic,
smallest scale ~ 8-107 fm

Jet spectra z-scaling z-p plot

10% e 10°® , T

10°k .

101; 'a*“é I,J—\I‘ )'etIX 1:)‘?

0 e me 2 r p(p)+p-jet+X 10 .

T E ni<0.5 107k E p+p(p)-jet+X

10" DO & CDF 1 " nl<0.5 i

10 7k E

. - D@ & CDF

10 7 F 10 *

-4 F =4

N E CMS & ATLAS 10°F

10 F < 10 ALICE 3

10 75 :g ;r A\ -

10 3 ¢ E s 7, GeV

10 °F 107K

10 °F 10 - o %95”6 ,

- -1o E F -4 10
0E E . 2760 ATLAS - 3
107k 0 "F + 1960 ALICE +
0" "F . o 1800 B,
10"k - 10 2§ a 630
10 “F =
10 '8 bl L 10 - d : 10

10 07 10° 10 107 10° 10 1 10 107 10°
p1 Ge\f/c Z Pr (GeV/C)
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Int.J.Mod.Phys.A15 (2000) 3495
Int.J.Mod.Phys.A27 (2012)1250115

Structural phenomena <= constituent substructure,...
Collective phenomena <= multiple interactions, phase transitions,...
Self-similarity at small scales <= fractal topology of momentum space,...

Search for new phenomena at LHC
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Self-similarity of jet production at Tevatron and LHC 47

At the energy - Vs = 13 TeV, highest momentum - pr=3.5TeVic,
smallest scale ~ 5.6-10 fm

Jet spectra z-scaling z-pr plot
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Structural phenomena <= constituent substructure,...
Collective phenomena <= multiple interactions, phase transitions,...
Self-similarity at small scales <= fractal topology of momentum space,...

Search for new phenomena at LHC
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Conclusions VI

Jets are direct indications on substructure of hadrons.
Jets are probes of hadron and nuclear medium.
Self-similarity of jet production was confirmed.
Fractal structure of jets was justified.

Universality of tagged jet structure was suggested.

VV VYV V V
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Cumulative particle, process, region,... 49

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

The cumulative particle 1s a particle produced
in the region forbidden for free nucleon kinematics:

P+P,—>p+X
2 2 : A p
(Pl-l-Pz—p) ZMX mlIlMX m—) pmax>pmax
ptA p+A
$ | p.=400 GeV/c : 1 pL=50GeVl/c

Conservation laws:

14}

* 4-momentum
* electric charge
 baryon number
* flavor

12}
V.V.Ammosov 4

(2013)
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Hadron production
in pp & pA at high-p; in non-cumulative region
as a reference frame for cumulative processes
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Self-similarity of hadron production in p+A

A quarter of a century ago: p+A at FNAL & U70

Spectra in p; and z-presentation
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Cumulative low-p; pion production in p+A at FNAL 52

FNAL (J.Cronin, G.Leksin, D.Jaffe) & U70 (R.Sulyaev)
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Cumulative high-phadron spectra in p+A at U70 53

U70 (V.Ammosov, V.Gapienko, R.Sulyaev) & FNAL (J.Cronin, D.Jaffe)
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Self-similarity of hadron production in p+A 4

FNAL (J.Cronin, G.Leksin, D.Jaffe) & U70 (R.Sulyaev, V.Ammosov, V.Gapienko)
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Conclusions VII

» Self-similarity of particle structure, constituent interactions
and fragmentation process of hadron production in non-
cumulative and cumulative regions in p+A collisions were
verified.

» Smooth behavior of ¥(z) in the overlapping range was found.

» There is no observed discontinuity of fractal dimensions - 9, €
and “specific heat”- c.
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Scaling features of hadron production
in Au+Au at RHIC

Probing microscopic structure of the hot- and high-
density nuclear matter at multiple length scales

Self-similarity of hadron production

RHIC Beam Energy Scan with Au+Au:
\/SNNZ 7.7, 11.5, 14.5, 19.6, 27, 39, 62, 130, 200 GeV
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Int. J. Mod. Phys. (2015) 1560103
Nucl. Phys. A993 (2020) 121646
Nucl. Phys. A1025 (2022) 122492
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Self-similarity in Au+Au collisions 57

Self-similarity parameter

“Collapse” of data points onto a single curve
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Self-similarity of h production in central Au+Au  ss

Constituent sub-process in terms of
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Smooth behavior of x,,y,, My vs. p; , centrality, collision energy

» High x, and p; — compressed matter
» Large M, — high density recoil system
» Highy, — small energy loss
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Model parameters: 0,, €54, Can

Parameters 0,, €44, Csx are determined from the requirement
of scaling behavior of Y as a function of self-similarity parameter z

59

Nucleus fractal dimension Fragmentation dimension “Specific heat”
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Search for discontinuity and correlations of the model parameters.
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Conclusions 60

» Some results of data analysis on charged hadrons, strange mesons and
baryons, jet and top quark production in pp collisions obtained at the U70,
ISR, RHIC, Tevatron, LHC using the z-scaling approach were presented

and discussed.

» z-Scaling of particle production manifests self-similarity, locality and
fractality of hadron interactions at a constituent level.

» Results of analysis of the STAR BES-I data on negative hadrons produced
in Au+Au collisions demonstrate smooth behavior in z-presentation vs.
collision energy, centrality over a wide range of p; and support the concept.

» Parameter correlations as signatures of phase transition and Critical Point
were suggested.

» 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
of transverse momentum and collision energy.
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