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Phase diagram of matter
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Self-similarity in physics

» Self-similarity means that a pattern is similar to a part of itself.

» Universal description using self-similarity variables constructed
as suitable combinations of physical quantities.

Self-similarity variables II (Re, m, M,...)

Aerodynamics
M=v/c
v — flow velocity

c — velocity of sound in
the medium

Hydrodynamics
Re=dVp/n
d — tube diameter
V — fluid velocity

p — fluid density
1n — fluid viscosity
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Dimensionless function & self-similarity variable
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Motivation

Main task 1s to find clear signatures of new physics (phase
transition, critical point) in compressed nuclear matter.
Phenomenological approach of z-scaling was used.

Analysis of experimental data on inclusive spectra of
cumulative hadron production in pA collisions to verify
properties of z-scaling and search for critical effects.

» pPA 1s a reference frame for pp and AA

» 1n cumulative process enhancement of nuclear matter
compression

» particle formation i1s sensitive to state of matter

» search for indications of phase transition & CP
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Cumulative processes

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

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

P+P,—>p+X
2 2 A p
(P1+P2_p) :Mx = D > P
pA
o 20f pA Py, =400GeV/c
3. DPr=50GeVic g
&t 8 ol
: EELE. .
_ Conservation laws:
5- > 4-momentum
: » electric charge
o (p » baryon number
5 d » flavors (u,d,s,c,b)
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z-scaling

Basic principles: locality, self-similarity, fractality
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Locality: collisions of hadrons and nucle1 are expressed
via interactions of their constituents (partons, quarks
and gluons,...).

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

Fractality: the self-similarity over a wide scale range.

Main hypothesis of z-scaling
Inclusive particle distributions can be described

in terms of constituent subprocesses and A%
parameters characterizing bulk properties of 5 5
the system. 12
Scaled inclusive cross section of particles
depends in a self-similar way on a single scaling W(z)
variable z.

I.Zborovsky, M.Tokarev, Yu.Panebratsev, G.Skoro
Int.J.Mod.Phys. A16 (2001) 1281
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Locality of hadron interactions

Interaction picture: binary collisions

1inclusive V.S.Stavinsky

m, particle JINR Rapid Comm.
1 18-86, Dubna (1986)

A.A.Baldin
<7 JINR Rapid Comm.
M,, 8, colliding 54-92, Dubna (1992)

colliding n | 5, . pdin
objec

object

M.Tokarev, I.Zborovsky
Yu.Panebratsev, G.Skoro
2 Phys.Rev.D54 5548 (1996)

recoil Int.J.Mod.Phys.A16 1281
particle (2001)

Constituent subprocess:
(x;M,) + x,M,) = (m,) + x;M;+x,My+m,)
Kinematical condition (4-momentum conservation law):
(x,P+x,P; —p)* = My?

Recoil mass: My= x,M,+x,M,+m,
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Self-similar variable z

-1
Z2=2,€
M1951 =<
1/2

Z, = all
’ (dN,/d77]y) m o

m

1

2

> s | 1s the transverse kinetic energy of the subprocess consumed
on production of m; and m,

» dN_, /dn |, 1s the multiplicity density of charged particles at n =0

» m 1s an arbitrary constant (fixed at the value of nucleon mass)

» (1 1s the minimal resolution at which a constituent subprocess
can be singled out of the inclusive reaction
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Fractal measure z

Fractality 1s reflected in definition of z m,

. -1 X
L= ZO Q M,, o, :< : X2>: M,,d,

Q= (1-%,)" (L-X,)"

Q2 1s relative number of configurations containing a sub-process with

fractions x,, x, of the corresponding 4-momenta

d,, 0, are parameters characterizing structure of the colliding objects
Q! (x4, x,) characterizes resolution at which a constituent subprocess
can be singled out of the inclusive reaction

_y oo Fractal measure z diverges as the resolution
Q! increases.

z(Q)|

Ol 5w
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Scaling function W(z)

T L, _dc

Y (z JTE— e bl _
D= (dNidn) o dp JEgor P =0

I‘P(Z)dz:1 .< % >

o;, — Inelastic cross section

N — average multiplicity of the corresponding hadron species
dN/dn — pseudorapidity multiplicity density at angle 6 (n)
J(z,m;pr%y) — Transition jacobian

Ed?c/dp? — inclusive cross section

-N

inel

YV YV VY

The scaling function W(z) 1s probability density to
produce the inclusive particle with the corresponding z.
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A-dependence of z-scaling

Taking into account mass dependence of z and W(z) allow us to
compare data from different experiments

3.0 [

z —a(A) Z

25 | p—A 1 ]

L ﬂ Y(2) — ot (A)¥(2)
20 | Yoy — B

< . S aw(A)= 0.9 A0

,“d,’ Do, GEV/C

1 3 . . .
o f a 400 Self-similarity of nuclear

05 boviiees, e, s s " modification of constituent

0 50 109 150 200 interactions and hadron formation.

z=2,Q" Q=(1-x.)*(1-x,)">

Selfsimilarity parameter z
“Critical exponents” 9,, 9,
allow one to check hot medium conditions
0,=A9, 0,=A,0 Discontinuities in &,, 5, will be strong signature of
new physics effects

M.Tokarev, Yu.Panebratsev, I.Zborovsky, G.Skoro
JINR E2-99-113; Int. J. Mod. Phys. A16 1281 (2001).
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G.Lek

Cumulative pion spectra in pA at FNAL

sin et al.
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U70 (L.Zolin et al.)
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Low-pp cumulative pion spectra in pA at U70
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High-p, cumulative hadron spectra in pA at U70

V.Gapienko et al. pr, =50 GeVle, A=CALCuW 0, =35 deg.
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Scaling features in p-A collisions

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

high-py & noncumulative low-pp & cumulative high-py & cumulative
10° g10° g 10°
10 E i Ll S AL -
E b %, 10 ;_ 'Y'"!.’H p+A — X 10 %_ ""u“ p+A — h'+X
° p—A 1L , 1F
9 Y i
10 e Q& ﬂ_ 10t ﬁl“‘:\! 10" &
10 °E ‘g 102 | LY 107 |-
Pless GEV/C - By s
10 %k 707 ".’6 10 ¢ Yo 107 &
~ 10 -1 488 10* 107 E
; i Yoo+ a 105 & "-,.‘@ 10° &
10 E &6 10° & "-__E 10° &
10 [ o D oD @q' 107 & p..GeVlc gy :'% 10_7 E p,,GeVic o o
% ] —— = o
w0k & gl . gf L] 10°F © 0 w0 s % 10°F o e s .
o [ - a
o O Cu oW " 10°F % w0 10°F ¢ ¢ o %
107k % Sn ¥ 20 [ = Ta 400 90 10 = Al 50 35
- = Pp . 07 . 1a a0 18 &) 1077 & Cu s 35 &
10 3 1o [ Ta 400 160 N wo"E Tw e 35
"U:IJl\I| i Ll 1 L -12E | L | I -12§ L L] l
10 , 10 107107 1 10 z 1050 1 10 z
i
» Beam Energy Scan in pA Spectra form 1s parameterized by:

» Spectra of cumulative identified particles J(1-q)
> Multiplicity density dN_/dn vs. Vs and 1 Y(z)=C (1‘|' (q-1)-z/ T)l

Search for phase transition & CP 4= Search for violation of z-scaling
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Conclusions

» Indication on self-similarity of pion production in pA collisions at
high energies in the cumulative region were found.

» The universality of the shape of W(z) in non-cumulative and
cumulative pion production in pA was confirmed.

» The shape of the scaling function W(z) is well described
by the Tsallis-like distribution.

» Search for the scaling violation in the deep-cumulative region
1s suggested.

The results can be used to develop a program to search for
new physics phenomena in pA collisions at U70, RHIC,

LHC & NICA, FAIR

A lot of work 1s ahead!!!
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Thank you for your
attention!
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Camononodue B pU3UKE YACTHUI]

Cretinune Boeprena: ||m 2MW, (v, qz) — F(w)

B ompenenennoi 001acTi KHHEMATHYECKIX 300,300
IIepeMeHHBIX IIPOTOH
epeMe POTOHHELIE CTPYKTYPHEIE I W, (v qz) S F (o)
JyHEKIIMI He 3aBUCAT OT IepeTaHHoro Im 2V 2
2
nMIIyJbca g2 = -Q?, a aBiaaworea pyHKIImamu V04 7

TOJILKO 0e3pa3MepHOl mepeMeHHoN X = Q2/2Mv w=2Mv/ q2
Cretinune Qetinmana, npeoesivras opasmernmauus Anea:
BeposaTHoCTh poskIeHMa MHKIIO3UBHOM YaCTHUIIEI
C oIIpenesIeHHBIM 3HaYeHUEM IIPOJ0JIbHOTO Ed3c/ dp3 — f (XF ’ pL)
MMIIYJIbCA Py, U Py, TIPY PA3HBIX JHEPTUAX |
CTOJIKHOBEHUS SABJISCTCA YHUBEPCAJILHOMN I|m f(s,x,p L) — f(p L)
(yHKIIE! OT ITIepeMeHHON Xp = P1/P1, max 5—0,Xx—0

P-KNO ckeiinune: 1 N -
BEPOATHOCTD POKIEHUA N yacTuir P (s) P.(s)= v ( ), jW(Z)dZ =1

<n> <n>

IIponopIirmoHabHa pyHrinu P (n/<n>), 0

3aBUCAIIIEH OT OTHOIIIeHUA n/<n> u _ (+D)Zg 7\dZ

YII0BJIETBOPSAIOIIEH YCIOBUAIO HODMUPOBKHA N jnZo w(Z)
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Camononodue B pU3UKE YACTHUI]

IIpasusia keaprosoeo cuema

Mameees-Mypaoan-Tasxenuose, bBpoockuii-Papao:

OIIPEJIEJISIOT dHEPTEeTHYECKYIO 3aBUCUMOCTE TuddepeHITnaIbHBIX CeUeHIHA
paccessHUsI Ha OOJIBIIHE YIJIBI IPU BHICOKUX OHEPIUAX CTOJIKHOBEHUHN U
(brkcrpoBaHHOM yIJie U, a TakKe moBeneHue gopmdarTopoB aapoHoB I, (t) mpu
OOJIBIIIMX IIepemavax UMILyJIbca t = g2

do f () 1 S,t—= 0
——~ (a+b c+d)~ o F (1) ~
(@+b—>c+d)~ o= R it|=" s/t —>const

dt S

NCQ-crelinune 8 aiiuNMULECKOM NOMOKe:

V|llll|||l||||l||||||_“||||||||l|llll|llll_ ||||||||||||| L L B

(@) P o p*p O ' '

03 B Ko+ic (PHENIX) & AR (STAR) 1| baryons
I K? (STAR) 1 =+E (STAR) o -1
| ] 6 ( | ]

0.2__ d%o(%) #)_: é{"“orx 1t y q,(g- " * | <

~ | (%S] Il D - 18
> L Rt ,“vi.ﬂ"'*ﬁb I 1B

I 'g 1 o K]

0.1 ® B¢ ui 4 1
N 3 .
| aEn Mesons Richard Seto
CaB | 11 A For the PHENIX Collaboration

06::::]' 2[ ||3|1 4|‘|)‘|||4||||2[||1|3|1|||4([)'!llb-|5||1|1||||£|'|51|||2 Junel7,2014
p; (GeVic) KE; (GeV) KE,./nq (GeV)
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Jlonm mmmryibca x; X,

[TpuHITMTT MTHIMAJIBHOTO Pa3perieHus: JOJIM UMITYJIbCa X, X,
OIIPeeJISIOTCS TaK, YTOOBl MUHUMH3NPOBAThL paspelieHue L1
(pparTaabHON MepHI Z IJIsI BCeX KOHCTUTYEHTHBIX IIOAIIPOIIECCOB He
HapyIIas 3aKOHbLI COXPaHEHH.

m,

Q=(1-x)"(1-x,)"
0Q/0X, | -

Xo=X,(X1)

(X1P1 +X2P2 B p)2 — M>2<

Macca cucTeMbI OTIAYH:

M= x;M;+x,M,+m,
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Kunemarturka pA cToOJIKHOBEHUM

peakmua p + A —> ot + X

pr, = 50 GeV/c p;, = 400 GeV/c
Qo °
s L S
5 r 5 200
© 60~ O 20f
[ L [ B
o o C
r 15[
40— -
B 10
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k - i w
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-20— d r
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B HecuMMeTPUYHBIX aIPOH-ATEPHBIX CTOJIKHOBEHUSIX BBIOOP KMHEMATHUYECKOM
00JIaCTH MCCJIeJOBAHMUS CYIIECTBEHHO BJINSAET HA IIOCTAHOBKY dKCIIEPHMEHTA.
IIpeumymiecTBa OOJIBINIEH CTATUCTUKY B IIepeIHel moychepe HUBEJIUPYeTCs
IIOBBIIIIEHHBIM POHOM (PparMeHTOB Aapa.
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Transverse kinetic energy Vs N

1/2—(31/2 MA, —M,A,)—m "‘(31/2 My, —M,x,)—m,

4 N— 7
~ ~—
energy consumed energy consumed
for the inclusive particle m; for the recoil particle m,

Fraction decomposition:

(P2,1p) . I\/|2,1mz

A =K,V Ky 5= r V12T
1,2 127712 b (P,P)—M M, v (P,P)—M;M,

Jo—
= (le,z"ﬂ)lz,z)l T,

1-A
2 +1 1,2
: 1y =0 (A ,+A,)
m, B B _ 0, . AP NI
o, =p U, U= \/*é o= 5, kO:VO_VO

_ 0.5m? 0.5m?
2 =y +AMA-2)(A-2)]  Vom m, m;

y Vo=
PP)-MM," ° (PP,)—M,M,

= (\P4A,P,)? S, = ((Prtx2P2)°

The scaling variable z and scaling function W(z)
are expressed via relativistic invariants.
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7Z-CKeMJIMHT ¥ CaMOIIOIO0MEe B POKICHUNHN YaCTHIL

TE_? K_7 ﬁ’ A
in pp collisions

FNAL:
PRD 75 (1979) 764

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

STAR:

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

107

10°

101

Energy scan of spectra
at U70, ISR, SppS, SPS, HERA,
FNAL(fixed target),

Saturation at low z Tevatron, RHIC, LHC

LIl

LIl | 1 AL 7 B R
ptp=2h+X
e S =19-200 GeV
® 0 =390

cms

M.T. & I.Zborovsky
T.Dedovich
Phys.Rev.D75,094008(2007)
Int.J.Mod.Phys.A24,1417(2009)
J. Phys.G: Nucl.Part.Phys.
37,085008(2010)
Int.J.Mod.Phys.A27,1250115(2012)
J.Mod.Phys.3,815(2012)

Power law at high z

* y(z)~z P at high z

* &, 0w 1ndependent
107 100 10! 102 > 2R b

102
1/2
£ of Pr, 877, ecms

CreliyiuHr — “KoJjLaric’ 9KCIIepHMMEHTAJIbHBIX TOUEK Ha OJHY KPUBYIO.
Bespasmepuasa dyurimma W u nepeMeHHas Iogo0us 7.
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z—pr & z—p plots

Most suitable kinematic region to search for new physics in pA
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Tsallis function

Boltzmann-Gibbs entropy

W
SBG — _kz P; In Pi
i=1

Additivity:
S(A+B)=S(A)+S(B)

Tsallis entropy

1Zp. "

S, =K q—l _kZp,In (1/p)_—kquIn P! —5Skc

Nonadditivity:
S(A+B)=S(A)+S(B)+(1-q)S(A)S(B), except for q =1
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