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z-Scaling - Universality & Saturation

Saturation at low z

Inclus_lve Cross o i SR Energy scan of spectra
sections of st I oo Popmmend ., O U70, ISR, SppS, SPS, HERA,
w, K, B, A F o, =390 < FNAL (fixed target),
in pp collisions 10" f x10 = Tevatron, RHIC, LHC
E 107! E
FNAL: > 10° =
PRD 75 (1979) 764 ' - MT & 1.Zborovsky
w (<5 T.Dedovich
ISR: 07 f © 1.0 | % Phys.Rev.D75,094008(2007)
NPB 100 (1975) 237 ¥ 1‘; - A o Int.J.Mod.Phys.A24,1417(2009)
PLB 64 (1976) 111 e 2 % me ; J. Phys.G: Nucl.Part.Phys.
NPB }16 (1976) 77 1071 | K 37,085008(2010)
NP 56 (1973) 333 s IntJ. Mod.Phys. A27,1250115(2012)
(small angles) z JMOdPhyS3,815(2012)
> Energy & angular independence
STAR: . _
PLB 616 (2005) 8 » Flavor independence (rt, K, p, A)
PLB 637 (2006) 161 > Saturation for z < 0.1

PRC 75 (2007) 064901 _
> Power law ¥(z)~zF for high z > 4

Scaling — “collapse” of data points onto a single curve.
% Universality classes — hadron species (g, o).
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Motivation & Goals

Development of z-scaling approach for description of hadron,
direct photon and 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 new experimental data on p-spectra
of top-quark and & jet production
In pp and pp collisions obtained at Tevatron and LHC
to verify properties of z-scaling.

It concerns to
» Properties of sub-structure of the colliding objects, interactions
of their constituents, and fragmentation process at small scales.
» Fractal properties of flavor (u,d,s,c,b,t)
» Fundamental principles (self-similarity, scale relativity, fractality,
Lorentz invariance,... )
» Origin of mass, spin, charge,..., fractal topology of space-time,...

M.Tokarev - Lomonosov’13, MSU, Moscow, Russia




z-Scaling

Principles: locality, self-similarity, fractality

P . .. .
# Locality: collisions of hadrons and nuclei are expressed
via interactions of their constituents

P : -": P, (partons, quarks and gluons,...). s <X
Self-similarity: interactions of the constituents

are mutually similar.

X

Hypothesis of z-scaling

Inclusive particle distributions can be described X1, XYY
Y2, pr Ocms  in terms of constituent sub-processes and parameters

characterizing bulk properties of the system. 01,02:Eq1Ep €

Ed®o/dp? Scaled inclusive cross section of particles depends
In a self-similar way on a single scaling variable z.
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Locality of hadron interactions

M.T. & I.Zborovsky m, . )
Part.Nucl. Lett.312(2006) inclusive
PRD75,094008(2007) particle

Int.J.Mod.Phys.A24,1417(2009)
J.Phys.G: Nucl.Part.Phys.
37,085008(2010)

colliding w3,
object

a: —M,,5, colliding
object

recoil
particle  m,

Constituent subprocess
O My) + OEMy) =(Myly,) + OGM+xMptm, fy)

Kinematical condition (4-momentum conservation law):
(X;P1+x,P,—ply, )2 = My?2

Recoil mass:  My= x;M;+xX,My+m,ly,
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z as self-similarity parameter

-1
Z=12,-€)

1/2
SJ_

. =
" (dNg/dr,)°m

» 1 is the minimal resolution at which a constituent subprocess
can be singled out of the inclusive reaction
> si’z IS the transverse kinetic energy of the subprocess
consumed on production of m, & m,
»>dN,, /dn|, Is the multiplicity density of charged particlesatn =0
» C 1is a parameter interpreted as a “specific heat” of created medium
» m Is an arbitrary constant (fixed at the value of nucleon mass)
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7 as fractal measure

The fractality is reflected in definition of z m,

_ —
Z2=12,-C

Q= (1-%)" (1-%,)% (1-y,)* (1-y,)™ | Mod <

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

04, 05, €,, &, are parameters characterizing structure of the colliding
objects and fragmentation process, respectively

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

2(Q)] _—> % The fractal measure z diverges as the resolution Q! increases.

ol
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Momentum fractions x,, X,, V., ¥,

Principle of minimal resolution: The momentum fractions x,, X,
and v,, y,are determined in a way to minimize the resolution
Q1 of the fractal measure z with respect to all constituent
sub-processes taking into account 4-momentum conservation:

Q=(1-%) (1-%,) 2 (1-y,)* (L~ y,)"
0Q [oX, | =0

Ya=Ya (X1’X2 1yb) T

0 [oX, | =0

Ya=Ya X1:X2,Yp)

OI0Yy Iy, =y, 610,90 =0 M,.8, < -

Momentum conservation law
(X,P1+Xx,P,—ply,)? = My?

Recoil mass
My= X; M +X,Mo+m,ly,
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Scaling function ¥(z)

| > s j‘P(z)dz:l p % D
0

z>a.2, YooV
X
3 3
T 9 o d°o
(dN/dn ) -o dp® -[ dp°
» o;, - Inelastic cross section
» N - average multiplicity of the corresponding hadron species
» dN/dn - pseudorapidity multiplicity density at angle 6 (n)
> J(zm;ps2y) - Jacobian
» Ed3c/dp? - inclusive cross section

¥(2)

dyd’p, =o,, - N

inel
inel

The scaling function W(z) is probability density to produce an
Inclusive particle with the corresponding z.
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Transverse Kinetic energy Vs,

SlL/Z = 3&(511/2 -~MA, —M,4,)—m, + )LZ(SZZ My —M,x,) - nk

energy consumed energy consumed
for the inclusive particle m; for the recoil particle m,

Fraction decomposition: X, =24,,+ 1,

(P.P) M,.,m,
A=K Y,V LY, K= (P.P) y Vo= (Pzpl)
> 2 \l/2—

K=t ) F o, s 2_05—1(/11,1 _|_j,0) ﬂ

1 o) , 72,1
a)l,Zzlui,ZU’U:ZT ' a:gz /’Lo_vo/yz VO/Y1
¢ ! __05m;  _ 0.5m
£ = (A, + 20) [~ 2~ A)] = mry " (R

= (ﬂ,lpl—l—ﬂ,zpz)z S, = ()(1P1+)52P2)2

The scaling variable z and scaling function ‘¥'(z)
%@ are expressed via Lorentz invariants.
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Properties of VY(z) in pp & pp collisions

Energy independence of ¥(z) (s¥2> 20 GeV)

Angular independence of ¥(z) (6,,s=3°-90Y)

Multiplicity independence of ‘¥'(z) (dN.,/dn=1.5-26)

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

Flavor independence of ¥(z) (n,K,0,A,..,D,J/y,B,Y,..., top)
Saturation of W(z) at low z (z < 0.1)

These properties reflect self-similarity, locality, and fractality
of the hadron interaction at a constituent level.

It concerns the structure of the colliding objects, interactions
of their constituents, and fragmentation process.

M.T. & l.Zborovsky
Phys.At.Nucl. 70,1294(2007)
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)

..................




Flavor independence of Y(z) at RHIC

M.T. & L.Zborovsky

Int.J.Mod.Phys.
A24,1417(2009)
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; Self-similarity of particle formation with various flavor content.

T, p, o 6, KA E Jy, D, B, Y

STAR:
PRL 92 (2004) 092301
||||| T  ZE LA ||| T T ||||||| T T ||||||| T AL B R 102 ||||||| T T ||||\|| T T II.‘I‘II T T ||||||| PLB 612 (2005) 181
x10* —>h+X PRC 71 (2005) 064902
ptp
. in_ \ 10! ptp=h+X PRC 75 (2007) 064901
x10° s =19-200 GeV 0 . , 5142=200 GCV
0 Ocms=30—900 10 ., p 0 2900 PHENIX:
x10 1071 ® O PRC 75 (2007) 051902
-1
—~ 102 VoY
- h & o
= 103 K
°© w02
104
v p 02
°© w0 1.0 T 10~ o o 02
v K 03 075 L0% & o 03
u] p 035 0.78 ° K 03
A A 04 075 1077 o =T o4
vl Lol Lol Lol ! 1°1|1n 10'8 Ll L1l . o e
102 10" 10° 10! 102 102 107! 10° 10!
Z Z

» Energy independence > }
> Angular independence Power law V(z)~z P at large z

> Flavor independence > &g, oindependent of p;, s
» Saturation for z < 0.01
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Flavor independence of W(z) at Tevatron

TC-, pl o, (|)1 K*1 A1 E! ‘J/\lji D1 B1 Y

CDF 102 E‘”I T T |‘||H| T |||H|\| T T \||\||| T T |\||H| E 102 ?III| T T IIIHI| T IIIIIII| T T I\IIII| T T \IIHI| CDF
PRL 88 (2002) 161802 F 4S(p)SheX ] 2 - '
PRL 91 (2003) 241804 10" p pép) o 10" | ptp(P)>T/y+X gEEN7I1 X(:2005) 032001
PRD 71 (2005) 032001 - oy, OIS ] . X PRL 98 (2007) 232002
g rsoz 2 STAR:
10! F] —; 101 Z.Tang
s g Y=oy E J.Phys.G35:104135, 2008
— C E N
5- 10-2 E‘ h EF C('F sl""z -§ \5./ 10
E (GeV) ]
103 ©  Jy 10 023 1960 . 103
v D° 04 023 1960 3
10 o B 04 012 1960 - o+ L © 1960 90° CDF ¢
A Y(1S) 04 015 1800 E v 200 90" PHENIX
105 ¢ 7 02 10 53 4 Tl 200 22" PHENIX
g ‘ ' E = A 200 90" STAR
10-6 -Hl\| vl Ll Ll R ] 10—5 7||||| il ol Lol Lol
1073 102 101 10° 10! 107 102 107 10° 10!
4 V4
» Energy & angular independence
» Saturation of Y(z) forz<0.1
» Flavor independence of V(z)
» Extra large ¢.=1 for J/y
S —reee— O me—— AILOELLEL LRI
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Flavor independence of W(z) at SppsS, Tevatron, RHIC, LHC

- 0
T, Kg
L 1 ) IIIIII' T ) IIIIII| | IIIJ
CERN: UA5 10" £ p+p(P) > K+X 3
PLB 199 (1987) 311 : ®g ]
NPB 258 (1985) 505 w0 b .
CERN: UA1 g s Gev) ]
PLB 366 (1996) 441 0 E o 200 uas .
FNAL: CDF Coll. ;Nf F Z 2‘3‘3 gif .
PRD 40 (1989) 3791 102 g A 630 CDF 35
RHIC: STAR Caoll. - O 1800 CDF .
PRC 75 (2007) 064901 105 ¥ 200 STAR  Z-o0z 5
- B 900 CMS 1 =
LHC: CMS Coll. L A 7000 CMS V-=apy ]
J. High Energy Phys.05 (2011) 064 1o 3 6= 03 o= 0.7 3
10-5 1 | 1 il |||-
107 1072 107! 10° 10!

» Energy independence of ¥(7)
» Saturation of W(z) for z < 0.01
» Shape of W(z) isthe same in pp and pp

.::irrn'f!;'lllm:n.
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What about flavor independence of V(z)
for top quark production in pp & pp collisions
at Tevatron and LHC ?

Main Injectdf \ \
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Top quark production and decay

_ Gluon fusion Quark-antiquark

Top-quark discovery : ; ; , annihilation

q |

] i . d ]

CDF Collab. F.Abe et al. g t
Phys. Rev. Lett. 74 (1995)2626. LHC 7 TeV ~ 85% ~15%
D@ Collab. S.Abachi et al. Tevatron 1.96 TeV ~ 15% ~85%

Phys. Rev. Lett. 74(1995)2632.
m, =~ 170 GeV 2

-
:b —— W decay modes
L VeV, Y,

dileptons lepton+jets all hadronic

v

S H,T ..‘v oM. T _.-“ Jet Jet

S S =h

b-jet  b-jet

b-jet  pjet b-jet

SN, T 0 jet Jet jof
~9% ~45%

T. Muller, IHEP2012, Melbourne, Australia — S.Strandberg , EPSHEP 2013, Stockholm, Sweden
[ E———— |
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Top quark properties: mass, charge, spin, width, lifetime, ...

Cross section

CMS Preliminary

Mass

= LN L L L B B BB
o I? 2 1 3
~ + ®CMScombined7TevV(1.1fb) = —
= = CMS combined 8 TeV (2.8 fb) o = ATLAS 2011, l+jets 174.5% 0.6+ 2.3 GeV
© I o CDF To be published, 1.04 b’ (value + stal + syst)
o DO
| —_—
10? ATLAS 2011, all-hadronic 174.9+ 2.1+ 3.8 GeV
2 ATLAS-COMNF-2012-030, 2.04 5 (value + stal + syst)
& : e =
> CMS 2011, p+jets 1726+ 0.6+ 1.2 GeV
A9 CMS-PAS-TOP-11.015, 4.7 1" (value + stal + syst)
Vi Approx. NNLO QCD (pp)
/ Scale uncertainty —fp——
10 B Scale ® PDF uncertainty CMS 2011, dilepton . 173.3 1:_ 1.2 if2 6 GeaV
E | ¢ ——--- Approx. NNLO QCD (o) CMS-PAS-TOP-11-016, 2.3 f5 (value + stal + syst)
- o / Scale uncertainty PY
C i Tewvatron average 2011 173.24 0.6+ 0.8 GeV
L FERMILAB-TM-2504-E (value + stal + syst)
A oo b o b e
1
160 170 180 190
m, [GeV]
2
o(tt), pb m; , GeV/c

CMS 8TeV 227+3+11
ATLAS 7TeV 177+£3 =7
CMS 7TeV 1658+2.2+10

t—Wb, V, Vi, Vy, Flavor Changing Neutral Current  |&
in non SM top decays: t—Zc(u), t—(Z,q,9)y, tagged jets,
t-1, t-b resonances, Arg, Ac , t-T spin correlations ,...

arXiv:1107.5255
arXiv:1205.2175
arXiv:1207.6758
ATLAS-CONF-2012-095
ATLAS-CONF-2012-024
CMS PAS TOP-12-001
CMS PAS TOP-11-024

CDF+D0  173.2+0.6 + 0.8 GeV/c?

CMS+ATLAS 173.3+0.5+1.3 GeV/c?
CDF 172.85+0.71 + 0.85 GeV/c?

Top quark is a complementary probe to
search for new physics using heavy flavour. g
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electric charge +2/3e

color triplet

spin 1/2

topness +1

full width  2.00+0.47 GeV
lifetime ~3.29-10%s
decay (Br=100%) W— Dbt

3 generations of quarks

[ 10P) = %)

my=23*0TMeV  Chage=3e I =+3
my/mg = 0.38-058

[4] IUP) = 33)

mg=48%0TMeV  Charge=-1e L =-1
mg/my = 17-22
m=(my+my)/2 = 3.2-4.4 MeV

1JP) = o(1)

my =95+ 5MeV Charge = % e Strangeness = —1
my [ ((my + mg)/2) =27+ 1

1Py = 0(3+)

me=1.275+ 0.025GeV  Charge =3 e Charm = +1

[2] I0P) = o)
=-1le¢

Charg; 3 Bottom = —1
mp(MS) = 4.18 + 0.03 GeV
mp(1S) = 4.65 + 0.03 GeV
1(4P) =03 )
Charge = § & Top = +1
B ﬁ;ﬁ"‘"ﬁ?‘ L




Self-similarity of top quark production at Tevatron

DO Collaboration V.M. Abazov et.al.

-
LI e

dN / dm, [GeV/c?]”
[

T

102 E T 1T T T T T I T T T 15
Phys.Lett. B 693 (2010) 515. E _ E
F Do, Lib? pHptoptX
s PEY e a1 ] e s'"2=1960 GeV  §
M ] C midrapidity 3
[ Background E 10° E
] S 10" I Zoo Z ;
. = F E
] = " :
] L Y=oy ]
] 102 = 3
] a;=0.0045 3
100 150 200 250 300 350 400 10° 3
m, [GeV/c?] - ]
""|"'"|'"""""""""""'|"": 10.4 Ll Ll 11l o1yl [
* data, 1 b ] 102 107 10° 10!
| K _: z
[ Background > Flavor independence of ¥(z)

dN / dp_ [GeV/c]™

» Measurements of pr and my distributions

50 100 150 200 250 300 350 400
top quark P, [GeV/c]

» Probing large momentum 20<p;< 400 GeV/c
» NLO, NNLO, MC@ NLO, m,=170 GeV
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M.T. & 1.Zborovsky
JINR E2-2012-12

1 J.Mod.Phys. 3(2012)815

> Saturation of W¥(z) for orz<0.1

> Fractal dimensions 6 =0.5, ¢,,=0

» “Specific heat” ¢ =0.25
Very small energy loss in the

elementary tt production process.

DO data confirm self-similarity
of top quark production in pp.




Self-similarity of top quark production at LHC

Differential production cross sections

. 10 g =

as a function of the transverse momentum : | pHptop+X 3 M.T. & LZborovsky

of the top quarks p; - CMS, 1141b . ISMD’12
I s'2=7000 GeV ] :

CMS Preliminary, 1.14 fo™ at\/s=7 TeV 10 . L. = Kielce, Poland,2012
— e F midrapidity 3
=0 Dilepton Combined s Data N + ]
FB;‘:J 10°F — MadGraph — - E
o —-MC@NLO ] s L -
8lir —POWHEG 10 E E
w? \ ] @ s 7o 0 Z E
\ A > - 1p—>a':,1p 7

107!

decay mode o

10°
CMS?g \
[ J ]
I \ 107
I I IV PPN PR I I A

® leplontjel 0.0045
E O dilepton (.0052 3
0 50 100 150 200 250 300 350 400 E + MC leplontjet 0.0045 E
et (5] [ X MCdilepton  0.0052 -
CMS Preliminary, wat\rs:?ﬁav 10.3 goaaaiiol o gonaminl g6 veeol 6 il o saoienl 8 aaeid 5§
w0 R R LRl RN RRRRE R RARRE LA 10—.‘5 10—4 10—3 10—2 10-[ 100 lﬂl
%o‘ . e/u + Jets Combined e Data 7
ol 10 E_ :MadGraph _E .
JE, | ronree ] > Flavor independence of ¥(z)
: > Saturation of W(z) for orz<0.1
’\\ > Fractal dimensions = 0.5, &, =0
f\: > “Specific heat” ¢ =0.25
1%....,_40...1.5,5..%6..2.56..2.%6..556..%%2. o CMS data confirm self-similarity
pfrandtTe - -
CMS Collaboration, Of tOp quark productlon In pp
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Self-similarity of top quark production at LHC

102 T e rrrrrrm rrrrrrm T T Trrmg LI

Differential production cross sections

as a function of the transverse momentum CMS, 5.0 fb” ptp—2topt+X
of the top quarks p; 10! 12 27000 GeV
10"10_3 CMS, 5.0 fb'at\s = 7 TeV . midrapidit
(=g R AL RARRNRRALE LARAN RAARE RARRE LA prdity
% of Dilepton Combined e Data E 107
[0) F — MadGraph B
= s = MC@NLO |
Bl“.gh S --- POWHEG |
—lc E Approx. NNLO J ’;\
6 (arxiv:1009.4935) = — 1 U.[ 7o, 7
ﬁ > |
Ui aws| - WY
a = 3 107
2 E
1 ] decay mode  ag
o '5‘0‘ ' '1‘06”1'5‘6‘ ‘2'50‘ '2"%6‘ ‘3‘66; 350 400 107 ® leplontjets  0.0052
P [GeV] O dilepton  0.0052
10° CMS, 5.0 fb"atVs = 7 TeV 104 Lol Lol Lol Lo fenanl [
I SN 0 w0t 10t w1
8 E — MadGraph ] 7
= &&  m= MC@NLO
ol-a~ . E .
20 koo LG > Flavor independence of ¥(z)
6 i {arXiv:1009 4935) { .
Y » Saturation of ‘W(z) for orz<0.1
\; Z A » Fractal dimensions 6 =0.5, ¢, =0
2 » “Specific heat” ¢ = 0.25
1 -
o) T T PN R S s N - - B
T e CMS data confirm self-similarity
CMS Collaboration, Of tOp quark productlon In pp
CMS-PAS-TOP-11-013 i
S X “'“'_""' i LI
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Self-similarity of top quark production at LHC

Differential production cross sections

2
asafunction Of the transverse momentum 1[) 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1
of the top quarks p; CMS, 12.21b" ptp— topt+X
L
> CMS Preliminary, 12:2 5 at is = 8 TeV 10 s'2 =8000 GeV
(=} 105‘ T LI TTTT T ‘T T T TTrT171] . . . .
% 9; Dile‘pton (‘T,ombilwed | -I DataI I E . m'dfapldlty
S — MadGraph 1 10
38 &= = MC@NLO 3
o -~ POWHEG |
é ----- Approx. NNLO; —
o RS \-g.z 10! 70,7
5 =
): cms, | E w-*a}l:w
: é I
3 E 107
2 =
L, < E decay mode g
E eyt =3
0056100150300 550500 350" 400 10 ® leplontjels  0.0052
Py [GeV] O dilepton 0.0052
10 CMS Preliminary, 12.1 o’ at \s = 8 TeV
= 10?....“.H“...lj...l....‘HH‘HH‘HHE 104 O I 1 1 [ T 11O 11 ) NN T 0 10O X 11 NN TN N N 1 11 N W
% 97 e/l + Jets Combined ; IE\JAaat;Graph i 1073 102 10! 10° 10!
= 8 LooMC@NLO Z
8|“_g'-_ "3 ----POWHEG 1
— g O — Approx. NNLO :
© e / A > Flavor independence of ¥(z)
T X o > Saturation of 'W(z) for orz <0.1
E X E - H —_— —
5 e Z E » Fractal dimensions 6 = 0.5, ¢,,=0
2f - b —_—
| 3 » “Specific heat” ¢ =0.25

o

v lev bevnn bernn b beva i by
0 50 100 150 200 250 300 350

B (Gev] CMS data confirm self-similarity
CMS PAS ToP-12.027 of top quark production in pp

CMS PAS TOP-12-028 g
I I ! |1I'||-'.I'|'| ﬂ;!TIHTI:Il.
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Microscopic scenario of constituent interactions

S
Fraction X; vs. pr/m Energy loss AE/E ~ (1-y,)
T T T T T T T TTTIT] T T T TTTTI7] 0.307|||||r|\||1||||r||||\\|\|||||4
p+p—2h+X . ptp=h+X .
2 N -
s °=1800, 1960 GeV 0.25 $12=1800, 1960 GeV
midrapidity 0
0 =90
o I o 020 | o e @’ .
| D’ o ) i
;B ° ” %, © ]
| |2y as) o > 0151 nuug o . @ A
< lop < oo 99 v D ]
:IJDE-!%- o B b
s 2 010 _o nees 0 Yus)| o
AA 2 AA
- a & & a::M v A 1:0 et retesnnnes esesee .
4 0.05 —{ —
° DO ozom ga” 5 v - . Ia I .
il Lol oo enl 0.00 IR ETIN ANE SR ST AT i T 1 T I
1072 10! 10 10! 0 5 10 15 20 25 30
Pr/m py (GeV/e)
Top quark: v, =1, g, =0, My=m,,

Negligible energy loss — high sensitivity to

- structure of colliding objects (dimensions o, , 6,)
- constituent interactions ( “specific heat” c)

Y, B,D
80% energy loss
g~ 100 GeV/c

Jhy
84% energy loss
q~ 142 GeVl/c

top
~ 0 % energy loss
q~ 20 GeV/c

- transition of point-like massless top to massive top (my,, =~ M)

Verification of universality of ‘VY(z) shape over a wide z-range .
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Jets at Hadron Colliders

Batavia, Illinois pto, Long Island, eW York
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Jets at Hadron Colliders

Batavia, Illinois ‘ Upto, Long Island, eW York

LHCb CERN
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Jet measurements at HCs are precisely test of theory

What is jet ?

> Jet Is strong correlated group of particles in space-time.

» Jet is a product of hard scattering of hadron constituents.

» Definition of jet in experiment and theory is a basis for
understanding of transition mechanism from quark and gluon
to hadronic degrees of freedom.

» QCD evolution schemes based on DGLAP, BFKL, CCFM
equations are widely used.

» Large systematic errors in theoretical calculations is due to
uncertainties of pdf’s and mainly to gluon distribution function.

Experimental verification and QCD test of z-scaling of jet production
In hadron collisions to search for new phenomena and establish new
constraints (gluons, Q%-evolution etc.) on theory.

%j f| M.Tokarev - Lomonosov’13, MSU, Moscow, Russia




Jets at Tevatron and LHC

Jets in 2-D space {n,¢}

Jet ET =618 GeV JetET = 1.65TeV Jet ET — 1 96TeV
Jet E; = 533 GeV : .
¢ "

CDF Run 2

Experimental verification and QCD test of z-scaling of jet production
In hadron collisions to search for new phenomena and establish new
constraints (gluons, Q%-evolution etc.) on theory.

o
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Jet Topology

J1 = Jets are copiously produced
= High-p;constituent interactions at hadron colliders
are described by QCD = Jets are an experimental signature
3 of quarks and gluons

P,

Model dependence on: A typical dijet event consists of:

= Parton distribution functions = hard interaction
= Fragmentation functions J2 ¢ winitial/final gluon and quark radiation
= Higher order corrections = secondary semi-hard interactions
= Renormalization, factorization = interaction between remnants
and fragmentation scales Underlying = hadronization
= QCD evolution scheme event = jet formation

a f| M.Tokarev - Lomonosov’13, MSU, Moscow, Russia



Jets at ISR, FNAL, SppS, RHIC & z-Scaling

BNL: STAR CERN: AFS FNAL: E557 CERN: UA1
M.Calderon, PLB118(1982)185 PRD41 (1980) 1371 PLB172(1986)461
Extrem QCD, San Carlos, PLB118(1982)193 Fermilab-Pub-90/22E (1990) NPB309(1988)405
Mexico, July 18-20, 2011 PLB123(1983)133
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z-Scaling & Jets at Tevatron in Run ||
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z-Scaling & Jets at Tevatron in Run ||
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Jet transverse spectra are measured » Angular independence of ‘¥(z)
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Self-similarity of jet production in proton-antiproton collisions.
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Tevatron data confirm
z-scaling In jet production in pp collisions

RHIC data confirm
z-scaling In jet production in pp collisions

‘iI'AR

What about z-scaling
In jet production in pp collisions at LHC ?
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Inclusive Jets at CMS & z-Scaling
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Measurements of inclusive jet cross sections:
»Probing large momentum 18<p;< 1100 GeV/c

»>Rapidity region |y| <3

»Agreement with NLO pQCD

CMS Collaboration,
% Phys.Rev.Lett.107 (2011) 132001
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» Angular independence of ¥(z)
> Power law, ¥(z) ~z P ,up to z= 3103

» Self-similarity of jet production

CMS data confirm
z-scaling of jet production in pp
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Inclusive Jets atA LAS & z-Scaling
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Measurements of inclusive jet cross sections: > Angular independence of ¥(2)

»>Probing large momentum 20< p; < 1500 GeV/c > Power law, ¥(z) ~z P, up to z= 10°

>Rapidity region |y| < 4.4 » Self-similarity of jet production

»Agreement with NLO pQCD _
ATLAS data confirm
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Inclusive Jets at CMS & z-Scaling
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Inclusive Jets at CMS & z-Scaling
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Measurements of inclusive jet cross sections:
»Probing large momentum 74<p;< 2500 GeV/c
»>Rapidity region |y| < 3.0
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CMS data confirms
z-scaling of jet production in pp
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Inclusive Jets at ALICE & z-Scaling
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Measurements of inclusive jet cross sections:
»Probing large momentum 20<p;< 125 GeV/c
»Rapidity region [n| <0.5
»Agreement with NLO pQCD

ALICE Collaboration
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» Angular independence of ¥(z)
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» Self-similarity of jet production

ALICE data confirm
z-scaling of jet production in pp
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Inclusive Jets at A
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Measurements of inclusive jet cross sections:
»Probing large momentum 20<p;< 430 GeV/c
»>Rapidity region |y| <4.4
»Agreement with NLO pQCD

ATLAS Collaboration
% CERN-PH-EP-2013-036
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LAS & z-Scaling

10°
10° .
107 w ATLAS
2
10 ‘J\i\ p+p—jel+X
10 h‘ £=0.20pb™"
10" 8
- *,
~ 107 5
|
=107 LN
10 =276 Tev &
10 7 +  0.0<Inl<0.3 3%
- o 0.3<Inl<0.8 .
10 a  0.8<Ipl<1.2 "o
10 7 1.2<Inle2.1 .
o 2. 1<Inl<2.8
10 *® &  2.8<Inl<3.6
o - x  3.B<inlcd.d 1
10 7' 1l Ll
10 107 10 ° 10 *

» Angular indepen7dence of ¥(2)
> Power law, ¥(z) ~z % ,uptoz=3-10°
» Self-similarity of jet production

z-scaling of jet production in pp

ATLAS data confirm

e
|:|III-. T Ll i1




Inclusive Jets at ATLAS @ DO & z-Scaling
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Inclusive Jets at CMS @ CDF & z-Scaling
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Inclusive Jets at CMS @ DO & z-Scaling
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Self-similarity of jet production over a wide scale range

Highest energy - Vs = 8 TeV, highest momentum - p; ~ 2.4 TeV/c
smallest scale ~8-10°fm

Jet spectra z-scaling z-p+ plot
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New test of z-scaling at LHC

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

» Results of analysis of Tevatron and LHC data on inclusive
transverse momentum spectra of top quarks produced in pp

and pp collisions at Vs=1.96 TeV and at Vs=7 TeV
In z-scaling approach were presented.

» New confirmations of z-scaling at LHC (energy and flavor
Independence, saturation of ‘¥(z) ) were demonstrated.

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

New TeV-energy region is available to understand
origin of flavor — u,d,c,s,b,t.
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Conclusions 11 (jets)

> LHC data on jet production in pp collisions at Vs=2.76, 7, 8 TeV

obtained by CMS, ATLAS and ALICE Collaborations were
analyzed in the z-scaling approach.

» Results of analysis were compared with the Tevatron data.

» New confirmations of z-scaling properties at LHC (energy and
angular independences, power law of ‘¥(z) ) were obtained.

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

New TeV-energy region is available to search for new physics
phenomena in jet production at LHC.
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