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Recap from ROBERT VERTESI: SCALING PROPERTIES
OF JETS IN HIGH-ENERGY PP COLLISIONS:

(s)QGP in A+A collisions: / .
- Hard probes: jet quenching (modification in 3
the medium)
f
- Soft probes: flow (collective dynamics of the f \
bulk) -fi l
pp Arh
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Recap from ROBERT VERTESI: SCALING PROPERTIES
OF JETS IN HIGH-ENERGY PP COLLISIONS:

(s)QGP in A+A collisions: /

- Hard probes: jet quenching (modification in
the medium)

) ) f
- Soft probes: flow (collective dynamics of the f \
bulk) !

Collectivity in small systems: p+p AvA

- Observed at high-multiplicity events at LHC

(PRL 112, (2014), 082301)
. (@) (b) (c)
- QGP is not necessary for collectivity(?)
ﬂl

Jets in high-multiplicity events

Collective interaction |
pressure #
= O

Coordinate space: Momentum space:
initial asymmetry final asymmetry
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Recap from ROBERT VERTESI: SCALING PROPERTIES
OF JETS IN HIGH-ENERGY PP COLLISIONS:
(s)QGP in A+A collisions:
- Hard probes: jet quenching (modification in
the medium)

- Soft probes: flow (collective dynamics of the
bulk)

Collectivity in small systems:

- Observed at high-multiplicity events at LHC
(PRL 112, (2014), 082301)

- QGP is not necessary for collectivity(?)
Jets in high-multiplicity events
"BASIC QUESTION:

CAN WE TURN THE
QGP oOFf?”

© (QGP EVERYWHERE

A

Collective interaction
pressure
x

Coordinate space:
initial asymmetry

Momentum space:
final asymmetry
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Experimental observable:

Ratio of identified hadrons in small to large systems

.butwhatis smallz

Ratio of yields to (x*+)
3
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Experimental observable:

Ratio of identified hadrons in small to large systems

.butwhatis smallz

Small systems can have large multiplicities too..

Ratio of yields to (x*+)
3
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Experimental observable:

pp, p-Pb: dynamics The AA limit
L 1

Ratio of identified hadrons in small to large systems

.butwhatis smallz
Small systems can have large multiplicities too..

Where does the quark-gluon plasma start in
multiplicity”
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How to connect the theory (lattice QCD, ...) with

the experiment (p spectra, multiplicity selec-
tion, ...)?

Nuclear collisions and the QGP expansion

collision_evolution

particle
expansion and coolng

detectors

Kinetic

~
freeze-out

lumpy initial hadronization / \ distributions and

" correlations of
energy density \ oduced particles

\' QGP phase

quark and gluon
ross of freedom

e R

collision
overtap zone

« - 1% fm/c

uction
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Nuclear collisions and the QGP expansion

collision_evolution
expansion and cooling

How to connect the theory (lattice QCD, ...) with lumpy initial peremsten

energy density

the experiment (p spectra, multiplicity selec- 4‘:\
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Nuclear collisions and the QGP expansion

collision_evolution

. particle
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How to connect the theory (lattice QCD, ...) with . energy density \ il
the experiment (p spectra, multiplicity selec- ‘
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The Tsallis - Pareto-type fit functions describe the hadron spectra well -
any distribution form could work, but the physical considerations
in the background may differ.

A1+ 5G-1) 7T

’N Amr <1+%(‘1—1))7ﬁ,

m n—1)(n—2 E =1
AW(“FT(Q—D) —,

where n=1/(¢— 1), and
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The fitted parameters depend on the center-of-mass energy:

a(v/s) = q1 + g2 log (v/s/m) T(V's) = T1 + Talog (v/s/m)
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The fitted parameters present a strong mass hierarchy:
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Non-extensive statistics - summary:

Peripheral —>Central

A -
3-6 GeV/c =

d’N -1 a1
— = Amry 1+L(mT—m) !
27TppoTdy T
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Non-extensive statistics - summary:
g-entropy: A
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Non-extensive statistics - summary:
g-entropy: A

et ()

hm Sy = Spa
q—>

Thermodynamical consistency:

P=Ts+ pun—c¢ Peripheral —Central
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Non-extensive statistics - summary:

g-entropy:

et ()

hm Sy = Spa
q—>

Thermodynamical consistency:
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Non-extensive statistics - summary:

g-entropy:

et ()

hrn Sy = Spa
q%

Thermodynamical consistency:

P=Ts4+pun—c¢
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The q and T parameters can track
down the size evolution!
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Non-extensive statistics - summary:
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Strong indication for multiplicity (system

] 0.6 e T, q«vEim
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P ” . . 0.2
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. . . 0.1
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Entropy 16(12), (2014), 6497-6514
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Strong indication for multiplicity (system

size) dependency:

(dN¢p/dn) ~ Qxp for AA,
(Npart) /2 911 for pp.

What is the relation with the earlier observations?

"Min. bias” pp: ~ low multiplicity

1. solid lines: y/s dependency from earlier
2. y/s ~multiplicity~NBD

g~ NBD (¢g—1=1/(k+1))
3 T= E(52 —(q¢— 1)), E:= <pT>|\/§:7TeV

Entropy 16(12), (2014), 6497-6514

- «
0.6 = T,qV3/m
=3 pd) T=E62-1(k+1)), g—1=1(k+1), E: = (pri,vs=77ev
— = — 62=039
PHENIX, pp min.bias =+ eeneen 52=0.43
®Vs=62GeV .- 62=0.42
A Vs =200Gev
0.5
CMS, pp min.bias
4 Vs = 900 GeV.
W VS = 2760 GeV
® Vs = 7000 GeV
ALICE, pp min.bias
0.4 # Vs =900 GeV.
® Vs = 2760 GeV
* VS = 7000 GeV
- ALICE, pp min.bias, not in fit
3 # Vs = 5020 GeV
Co3 e
=
S
0.2
0.1
0.0
0.00 0.05 0.10 0.15 0.20 0.25

System size suggests an opposite
trend!
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The approach: =r

Map the thermodynamically consistent non-extensive para- = e
meter space of the available experimental data and compare

it with theoretical QCD calculations
Teq=0.144 +0.010 GeV
Qeg=1.156 +0.007

PHENIX
@ AuAu, Sy = 130 GeV/
BRAHMS

A AuAu, /Sy = 200 GeV
STAR

# CuCu, /Sy = 200 GeV.
AUAU, Sy = 200 GeV

- 11identified hadron species: from =% to £ 02

- Various collision systems: proton-proton, proton-nucleus,
nucleus-nucleus

- Wide range of multiplicities: 2.2 < (dN,p,/dn) < 2047
- Wide range of CM energies: 130 < /syn < 13000 GeV ' a-t
- More than 30 published experimental datasets

€
bPb, Sy = 2760 GeV

ICE
0.1 POPD, /53
PPb, Suw = 5020 GeV
]
Pl
Pl

AL
.
[
*
® pp, Vs = 7000 Gev.
# pp, VS = 13000 GeV

Goal: calibrate the
Tsallis-thermometer
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RESULTS




n* (0.140) 1 = n* (0.140)
K+ (0493)

7000 Gev

. . . - NS
{dNen/dn) 0 10 104 10° 1
. . (dNen/dn) (dNen/dn)
Parametrizations:
A=A+ A ln :;VN + Az (dNey/dn)
T="To+ T1In —— + T>1nln (dNCh/dn)
m
qo + g1ln —— g Y+ g2 Inln (dNop/dn)

The A, q and T parameters characterize the collision

2. Strong grouping: T., ~ 0.144 GeV, g,y ~ 1.156
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Parametrizations: 1 0.
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00 Gev & AUAU. VS - 200 Ge
SNN 0.30 '
A=A+ A1ln—— 4 As <chh/d77> 08 @ PbP, /5 = 2760 GeV H "8 oup, (37 = 2760 Gev
m @ pPb. 5w = 5020 Gev o2s] © ® PP, /S =5020 GeV
H
V'S 06 <
T=Ty+ T11ln —— +T21nln(dNCh/dn) - Zo20
m 2 e
e
\/7 0.4 Soas
qg=qo+ q1ln —— + g2 Inln (dN.,/dn)
m 02 0.10
o —— (Vo) =(0.299 £ 0.012) +(0.024 £ 0.003)log{dNcn/dn) —— Tro.amm=010320815 Gev
Radial flow: D 02432 002215 00552 0coMetahan 0S| a0 cav
o 1ot 107 10° 1ot 102 i0®
(dNen/cin) (dNen/dn)

T= Tpo+ m(ut>2
(ue) .

(vp) = ———= 2. Strong grouping: T, ~ 0.144 GeV, g., ~ 1.156
1 + (ut>2

1. The A, q and T parameters characterize the collision

3. Test: results are comparable with experiments (Phys. Rev. C 83 (2011), 064903) 10/15
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Thermodynamical consistency: /

P=Ts+un—e¢

£+P=Ts—un (u= m) (GeV/fm?)
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Thermodynamical consistency: /

P=Ts+un—e¢

Comparison of the thermodynamical variables
with theoretical calculations (with ome giant
leap for theory):

£+ P=Ts—pn (u= m) (GeV/im?)

0.025
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° . 0. o (i e ———"
Thermodynamical consistency: / . Srem .
oo 5o N e
P=Ts+un—e¢ £ /
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8 2.0 , 7
Comparison of the thermodynamical variables 7§ -00% — !
v we @ hon 5= 10cev | B 1s /
. . 3 Soms
with theoretical calculations (with ome giant 57007 . R P i /) S 200
leap for theory): 7 -0100 . A w0 Sommey
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Hadronic dof < partonic dof N
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° ° 0. (0 Budapest-Wuppertpl, = :
Thermodynamical consistency: / Sre g =
0.025 108 —— Kovécs-Szép-Wa (Polyakdy fpop) . K (0.892)
2.5] —— Birdakovac (nddronic d =1 plp) (0938) ™
oo 51 T Gt e Sheti
-~ . *a321) ©
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TH S oo 2 K et
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Comparison of the thermodynamical variables % -ooso / penx
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) . 3 A
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leap for theory): § -ox00 ©os ol
°
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Hadronic dof < partonic dof N

Interpretation of the grouping phenomenon in the T - (g — 1) parameter space:
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o 0 0.
. (0.140) ‘Budapest-Wuppertpl, =0 = (0.140)
Thermodynamical consistency: / =rom = =ro
3 K2 (0.498) " I £ K2 (0.498)
0.025 e o' —— Kovacs-Szép-Wa (Polyakgy lpop) K (0.802) o
25 — ovac (hddronic d = () (0938)
it =505
z Sl
P=Ts+pun—ce < / #m
TH 3 2 , et
= ’ s
i i E _0.050 /
Comparison of the thermodynamical variables ' . 9 e esoeer | Tis , e
. o 2 s BRAHMS BRAHMS
with theoretical calculations (with ome giant oo . A A /557 < 200 Ge /) & Auks, 5= 200Gev
o =] ° ® CuCu, /Sy = 200 GeV'
. F -0.100 =] 1.0 + # AuAu, S = 200 GeV.
i
leap for theory): I _ o ,
© -0.125 B e !/
= 0.5 / == = Ideal limit
0150 = o e PrToapy 4 c2erT H3a 05N
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With the parametrizations: /s and (d N, /dn) regions:

- /3 27000 GeV: (AN, /dn) > 130

. s > 13000 GeV: (dN,y,/d 290
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SUMMARY

- Consistent non-extensive analysis of a very large set of experimental data

- New results are in agreement with earlier studies

- g # 1 for all hadron spectra: dependency on the size of the collisional system through multiplicity fluctuations
- Various checks of the non-extensive framework

- Grouping of the T and q parameters

- Comparison with theoretical QCD calculations

- Tsallis-thermometer: final state hadrons may originate from a previously present strongly interacting QCD matter at
event multiplicities as low as (dN,p,/dn) ~ 100
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EXPERIMENTAL DATA

System, /sy (Gev) nory Hadron Mult. classes pp range (GeV/c)
I
AuAu, 130 |n] < 0,35 xE 3,[21,3; 622] [0,25; 2,2] System, /SN (GeV) nory Hadron Mult. classes pprange (GeV/e)
+ .
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_ v
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Qi 11,2 70’03 ot  5(2,2; 21,3 [0,9; 5,5]
pPb, 5020 —0,5 < |yl < 0,0 ~ 7,[4,3; 45] [0,1; 20,0] 0P, 13000 Iyl < 0,5 K9 10,[2,52; 25,72] [0,0; 12,0]
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> [0.4: 20,0] Q 5,[3,58; 22,8]  [0,9; 5,5]
=0 4,(7,1; 35,6) [0,8; 8,0]




HADRON YIELDS FROM THE PARAMETRIZATIONS
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THERMODYNAMICAL QUANTITIES
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