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QGP - the matter of the early Universe
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QGP - the matter of the early Universe

Which one is the “closest” to the early Universe?

C) Abstain (now) B) pp collision
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QGP - the matter of the early Universe

Which one is the “closest” to the early Universe?

A) PbPb collision C) Cup of coffee B) pp collision

ui A
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Outline

1) Earlier studies
- What is UE? Why is this important for in HEP?
- theory, experiment, measures

2) New developments on UE
- Angular properties measures
- multiplicity, p; spectra, parameter derivatives

— Tsallis thermometer

3) Comparison to event shape variable
- Spherocity measures and cross check

4) Collision energy dependence

- Can we quantify the UE definition?
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UE
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Anatomy of a proton-proton event

G.G. Barnafoldi: Zimanyi School 2023



Anatomy of a proton-proton event

----------------------------------------------------------------------------------------------------------------

- 4 Hard process

¢ Depends on the physics
model (SM, BSM,...)

¢ Perturbative QCD
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Anatomy of a proton-proton event

----------------------------------------------------------------------------------------------------------------
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Anatomy of a proton-proton event

----------------------------------------------------------------------------------------------------------------

4 Hard process

Jl* Depends on the physics
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So what Uderlying Event is?

* Theoretical point: Parton Shower
. , Hadronisation gl (Inltla| and final
- Mainly non-perturbative QCD effect modelling g state radiation)

— Initial & final state radiation
- Multiple parton interaction
— Color Reconnection (CR)

- intrinsic ky Beam remnants,

: : . ; Multiple parton
- Hadronization il L

AT ] interactions
AN (Underlying Event)
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So what Uderlying Event is?

* Theoretical point:

- Mainly non-perturbative QCD effect
- Initial & final state radiation
- Multiple parton interaction
— Color Reconnection (CR)
- intrinsic ky
— Hadronization

* Experimental point

- Pedestal-like effects
— Activity in the event over MB
- Beam remnants (pile up)
- Trigger bias (jet criterion)

Parton Shower
(initial and final
state radiation)

Hadronisation
modelling

Beam remnants,

. dial k Multiple parton
primordial k_

. ;_.).\ E Tea interactions
TEUAN A (Underlying Event)
dn/dy

jet

underlying |event

/ \ -- pedestal height
Y
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Earlier studies, motivation
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Geometrical structure of an event
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Geometrical structure of an event

Leading particle
/\ gp

/3

Transverse Side
W3 < IA¢GI < 27/3

Transverse Side
a3 < IAq;ni < 271/3

Away Side
IA¢OI > 21/3

Standard CDF definition
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How to separate jet & UE?

* Jet finding & elimination:

leading/near jet A

- Surrounding Band (SB method),
Find a jet, THEN define SBs

- IF SB, and SB, are equal, THEN
eliminate the jet

lead,1

- expensive (high statistics) P P
- sensitive to cuts
* Correlation & background
- Traditional method by CDF \/
— burte force T " away SBowe N g
— geometry info only CDF UE SB-based UE

See: BGG et al: J.Phys.Conf.Ser. 270 (2011)
012017,AIP Conf.Proc. 1348 (2011) 124,
EPJ] Web Conf. 13 (2011) 04006 G.G. Barnafoldi: Zimanyi School 2023 16



New development to understand UE
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The simulated data

* PYTHIA v8240 Monash 2013 tune

- 1 billion non-diffractive collisions of pp Parton Shower
B _ _ Hadronisation (initial and final
C.m. energy: Vs = 13 TeV nodelling ctilE i lion)

- Includes 2— 2 hard scattering process,
followed by initial and final state parton
showering, multiparton interactions, and
the final hadronization process.

~ The events having at least three primary -~

charged particle with transverse Multiple parton
| g P primordial kT 5 interactions
- Min. momentum: p; > 0.15 GeV/c 2T 3 WA (Underlying Event)

- Pseudorapidity: |n| < 0.8

- UE: Color Reconnection (CR, Multiple

Parton Interaction (MPI) .. Zimanyi School 2023 19



Angular structure of an event

Leading particle

N\

Transverse Side
W3 < IA¢nI < 2n/3

Transverse Side
3 <lAg | = 2:/3

Away Side
IA¢ﬂI > 21/3

-21/3

Standard CDF definition
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Angular structure of an

{.eading particle

Transverse Side
W3 < IA¢nI < 2n/3

Transverse Side
3 <lAg | = 2:/3

Away Side 21/3
IA¢ﬂI > 2n/3

-21/3

Standard CDF definition
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Sliding angle, cake slices:
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Sliding angle, cake slices

- We make slices of the Ag of size 20-. In this
case, the results for the first bin 0 to 20-. are
reported in two ways: including and excluding
the leading particle in the result. Case Il is a tool

for exploring the geometrical structure of the
Underlying Event.
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Multiplicity/MB

PYTHIA multiplicity with sliding angle

PYTHIAs model UE: CR & MPI

Good fits with the parametrizations =

More multiplicity az NS
TS & AS are mainly flat
With leading particle
deviation is increased

Leading particle

NS

[

with leading particle

TS

® Monash Tune

— B NOCR
1 1 l 1

TS

Monash Tune (open symbols

—No CR

NS

|IIIJIIIII|JIIl|IIII‘IIII_

—

[
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Multiplicity/MB

PYTHIA multiplicity with sliding angle
- PYTHIAs model UE: CR & MPI 1
- Good fits with the parametrizations z
- More multiplicity az NS
- TS & AS are mainly flat
- With leading particle

deviation is increased

ﬁ 3 B T | T T | T T | T | |_
3 ""‘j - NS TS AS TS NS ]
Z 25 — —
Leading particle B ]
_. —
05f with leading particle Monash Tuné (open symbols)_:
— @ Monash Tune -
~ M NOCR —No CR .

0 [N NN T NN | O T TR . R B! R R

0 1 3 5 6

Ao (rad.)
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The p, spectrum

« PYTHIA spectra with sliding angle
- PYTHIAs model UE: CR & MPI
- Good fits with the parametrizations

(GeV/c)?

102

A¢ intervals

- Low p;is constant (T) Fi07g oMB
Leading particle 108 0 -20 (with leading particle)

gp Cﬁ 9 00" - 20" (without leading particle)

10 B %20°-40°  100°-120°

- zfl=1(] = 040°-60° ¢ 120° - 140°

107 0 60°-80° ¢ 140° - 160°

~80°-100'::160° - 180°

- High p; varies (q)
- NS/AS are similar
- Need to consider w/o

leading particle

Ratio to MB

i
102 £ PYTHIA8240 (Monash Tune)
- Sliding A¢ Bins

103

10

_IIII| T III|T|'|

-y
-y
o

o

’a.

(1)
s_
L
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The p, spectrum

« PYTHIA spectra with sliding angle

o W
- PYTHIAs model UE: CR & MPI 3 0]
S 10?
- Good fits with the parametrizations g o
. 'g 10:2 interva
- Low py is constant (T) HOTE ous n
. | Leading particle IS 108 ;Ong zo“(::i:hmijleﬁi{;;:;cnigle)
- High p; varies (q) Ta 60 o 120° - 140°

5 60°-80° ¢ 140°-160°
~80°-100'--160° - 180°
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How to quantify & compare these?

Precise spectra description

7107
3
- from low- to high-p- € 104
>
—_ a1 ke
_ 1 g—1 & 10!+
f(mr)=A- |1+ 1 (mp — m) <
TS NE 10—2_
T
- in multiplicity classes (pp, pA, AA) £ 105
=
dNcn = 2w AT, [(2—q)m2+2mT3+2T3] y [1 N q_lm] -1 2.5
4y [,=0 ® (2-9)(3-2q) s o] 57TV, <05, ok (0.493)
X j
. . o]
- With PID: s
11}
7T:|:7K:l:7Kg7K*O7p<ﬁ)7®7A‘7E:|:7Z:|:7EO7Q glo-_
- Wide range:
0.5
02 03 05 1 2 3 5 10 20
CM energy (GeV) 7000, 13000 5020 130-5020 pr (GeV/c)
Multiplicity range 2.2-25.7 4.3-45 13.4-2047
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How to quantify & compare these?

QCD-inherited scaling properties Mg
1 102 { o
1 a1 -

flmp)=A- |1+ qT(mT —m) s

1072 4

103 4

- Parameter scaling with Vs & multiplicity

A(VSENN (Nen/n) ,m) = Ag + Ay In X5 4 Ao (New /1)
T(\/snn, (New/n) ,m) = To + Tt In Y2 4+ To Inln (N /),

2
B K° (0.892
P(3) (0.938)

A(v/SNNs (Nen/m) ,m) = qo + g1 In Y22 + go InIn (Nep /),

& pp, ¥'5 — 7000 Gew
+ PP, VS = 13000 GeV

104
{INch/d)

- . T* (0.140)

- Details: . = S
G. Bir6 et al: J.Phys.G 47 (2020) 10, 105002 ras o ones =Scid
A. Ortiz: Phys.Rev.D 104 (2021) 076019 SR T $T R e

] & mmm = (1.385)
. =° (1.531)
== 0* (1.672)
1.05 @ M pPb. 5020 GeV
= * PbPb, Syy = 5020 GeV
& pp. Vs = 7000 GeV
¥ o pp. VS = 13000 GeV

10> 102 103 104
(dNcp/dn)
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How to quantify & compare these?

« QCD-inherited scaling properties

m* (0.140)
K* (0.493)
K? (0.498)
K* {0.892)

0.6

g—1

g—1

f(mp)=A- [1 + mr — m)] .
- Parameter scaling with vs & multiplicity

—

p(p) (0.938)
@ (1.020)

A® (1.115)

== (1.321)
I* (1.385)
=0 (1.531)
Q* (1.672)

JamaCoonam

0.4+

A(VSNN, (Nen/m) ,m) = Ag + Ay In Y555 4 As (New /)

Teq=0.144 £ 0.010 GeV

>
T(,/SNN, <Nch/n> ,m) = TO +T1 In \/ST;VN _|_T2 Inln <Nch/n>d g )-3'%{3 Geq=1.156 = 0.007
: < S e
A(v/ENN, (New/n) ,m) = go + g1 I 2% + go InIn (Now/0) [N ] ST o= 200 Gov

STAR
® CuCu, syy = 200 GeV
& AuAu, sun = 200 GeV

@ PbPh, VSyy = 2760 GeV
B pPb, Vsuy = 5020 GeV
* PbPb, /Syy = 5020 GeV
® pp, Vs = 7000 GeV

& pp, v's = 13000 GeV

« Thermodynamical consistency

3 3
P =g [&5Tf, N =nV =gV [ &5,

3 3
s = [ @ [Pt a] e =9 o B

.05 0.10 0.15 0.20 0.25

>
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PYTHIA spectra with

Tsallis fit parameters

sliding angle

PYTHIAs model UE: CR & MPI

Good fits with the

parametrizations (red line)

NS — highest T
NS/AS — highest g
TS -» constantq, T
Multiplicity ~ A

G.G.

a /T T T L ML
F NS TS AS TS NS .
30:— (a) —:
25 —
20 —
15 —
10 - —
o B B
5 w A|¢ o 3|V + + v - & |A m =
.
0_. 1 P | P A Y P Y ' | M| P
0 1 2 3 4 5 6
Ao (rad.)
o 1.2 T T ———
- NS TS AS TS NS
B (c)
115:—‘_““‘ _____ I R =
I @
B B W
11— —
N v V| %

L o Al® & ¥ Y oa|A g
1.05|- Monash Tune |
O without leading particle (open symbols)

- e with leading particle
1 -. PR I| PR R [ TR A ) B R S R A | | PRI Y
] 1 2 3 4 5 6
Ao (rad.)
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Multiplicity

0.05

3.5

2.5

1.5

0.5

ML LR | L B T L
o NS TS AS TS NS
b (b) [~
- m ale N .
1 1 -
S Rinnl A P S R i =
- I PR N RN T T T (N T SO S B | ' | P
0 1 2 3 4 5 6
A¢ (rad.)
N
n NS TS AS TS NS
- (@) [
e —
‘@x\& {QA E
- SNIEEIVIE e L I B
= —— Recalculated multiglicity E
C | | (J.Phys.G 47 (2020)|105002) | J
0 1 2 3 4 5 6
A¢ (rad.)
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On the Tsallis-thermometer

* Sliding angle

09— w5 = & & v [ T—F " N

- Need UEinPYTHIA» CR&MPI & | First Ay binwikhpl™ -
o 0.3 — S

- NS (with leading) is fully different ™ - e o :
s N 53

highest T & highest q 0'25; B :

- Beyond NS T is getting constant 0.2 B 4 | =
- Wider range of UE, than in CDF o0.15 — et =
/ — S seingpartas, E

0 S B B B

1 1.05 11 1.15 1.

q

G.G. Barnafoldi: Zimanyi School 2023 43



On the Tsallis-thermometer

* Sliding angle

Need UE in PYTHIA > CR & MPI 3 [ Fwe spmmwnpl™
NS (with leading) is fully different = . . B -
highest T & highest g 025§ DQ\TTL/ | - _
Beyond NS T is getting constant 0.2 — o =
— Wider range of UE, than in CDF i— T —:
L without Ksoding partiois E

1_ l1.(I:)5I . 1|.1 | 1.'|15 1_.

q
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On the Tsallis-thermometer

Sliding angle

e 0.35 E T T T T | T T T T | T

Need UE in PYTHIA - CR & MPI 5 First A¢ bin with cadng

NS (with leading) is fully different — S
highest T & highest g o4 S ‘” 2
Beyond NS T is getting constant oz
— Wider range of UE, than in CDF

Leading particle

o
-
o
|

<30 <> ¢ - Leading particle o]

B S 6-\"\‘0._;/:'":'\. — E : 5
s s o5d

A\t : $o%etotetetetetss 3 —

Sh S et ted

N Monash Tune i
[~ x with leading particle ]
— e without leading particle —
B | I 1 1 1 1 | | I | N
1 1.05 1.1 1.15 1.
q
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Cross-check with event shape variable
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How to quantify & compare events?

Transverse spherocity:

2 2
S T [Zilﬁ"jxnl]
|:| p—
4 Zi'. JUT;
Thrust:
T . = ij|ﬁT:i ) ﬁm|
miimn —
Zf PT.i
T - 0.024
T - 0169
- NO need for jet finding F - 0.048

-» Momentum & geometry infos

G. Bencédi et al: Phys.Rev.D 104 (2021) 076019
G.G. Barnafoldi: Zimanyi School 2023
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Event shape variable: spherocity

Simple 2-component model
- Isotrope: flat low p; distribution

- Jet: flat high p; distribution

Jetty (Sy— 0)
[sotropic (So— 1)

> X

260000 ————— n
= - =
[=] 4 o =]
o C/ /| ]
50000 — | —
- , 1
40000 (>~ s -
30000 [— o )
C ¢ intervals ¢ with p,asa weight 7
20000 — —Uniform 40° - 140° .
C  —80°-100° —30°- 150° ]
C —70°-110° —20° - 160° ]
10000 —  _gp°_120° —10°-170° -
= 50°-130° — 0° - 180° ]
ol P IR BT I B | J
0 1 2 3 4 5

E=g
-~ r
-
N O —
o
-
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Event shape variable: spherocity

Simple 2-component model

- Isotrope: flat low p; distribution

- Jet: flat high p; distribution &

260000 -
3 L
8 T
50000 — | [ |
Cl [ [
40000 >~/ /
30000 [
20000 [

10000 |-

O_IJJ]LIIIIJILKIII

Jetty (Sy— 0)
[sotropic (So— 1)

G.G. Barnafoldi: Zimanyi School 2023

50



Event shape variable: spherocity

Simple 2-component model

- Isotrope: flat low p; distribution
- Jet: flat high p; distribution

count

50000

40000

30000

20000

10000

60000

Jllll\l

—80°-

|
o N
S o

[ a
L €

¢ intervals

—Uniform 40° - 140°

100° —30°- 150°

°-110° —20° - 160°
°-120° —10°- 170°
°-130° — 0°-180°
[

Spherosity definition

>

Jetty (Sy— 0)
[sotropic (So— 1)

¢ with p,asa weight

(=)

1 2

¢ (rad.)

v

m

Z?; |ﬁTrs, A ﬁ,|

4

(

Zfz} PT;

'

- Event selection based on spherocity classes is available in ALICE

G.G. Barnafoldi: Zimanyi School 2023
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Event shape variable: spherocity

Simple 2-component model

- Isotrope: flat low p; distribution
- Jet: flat high p; distribution

count

50000

40000

30000

20000

10000

60000

Spherosity definition

> <
&
|

m

Z?; |ﬁTrs, A ﬁ,|

4

(

Zfz} PT;

'

(=)

: —— ] Jetty (Sg— O] gt E
- W = Isotropic (Sg— 1) = 3°F E
_érwj ‘ o ‘b v G 2.52— —;
- = >7 2 =
- ¢ intervals ¢ with p,asa weight = =
T —uniform  40°- 140° . 1-5;— —
T —80°-100° —30°- 150° £/
T —70°-110° —20°- 160° L = y“s
—60°-120° —10°-170° - 608 :/
- 50°-130° — 0°-180° H
ol v opopoo i w g I I I ol 1 i Lo Y o gonoq 0o
1 2 4 5 6 0 1 2 3 5 6
¢ (rad.) o (rad.)
- Event selection based on spherocity classes is available in ALICE
G.G. Barnafoldi: Zimanyi School 2023 52



Spherocity vs. Tsallis termometer

Spherocity relative to the MB defines wider U

TS

T | I I T T
AS

letty (So— 0)
Isotropic (So— 1)

{.eading particle
w}c 0-65 T T T T | T T T T
. Ns
0.6 —
-/3 /3 |
Transverse Side Transverse Side —
w3 <1Ag | < 27/3 /3 < IA¢0I < 2n/3 _
S,(MB) [=--=---- -
0.55 —
-21/3 Away Side 27/3 L
1ag 1> 2v/3
0.5 I 1 Ll
0

TS

an

NS

—- CDF-based UE [40,140]
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Spherocity vs. Tsallis termometer

 Spherocity relative to the MB defines wider UE

{.eading particle

= 0-65 I T T T T T T T | I I T I I T T T I T T I T T I
n | | I | [ J

=
w

TS AS TS NS

Jetty (So— 0)

0.6 Isotropic (So— 1)
/3 3
Transverse Side Transverse Side
w3 <1Ag | < 27/3 /3 < IA¢0I < 2n/3 _
§y(MB) [=------ :
0.55

Away Side
|A¢0| > 21/3

0.5 I 1 Ll
0

—- CDF-based UE [40,140]

G.G. Barnafoldi: Zimanyi School 2023



Spherocity vs. Tsallis termometer

 Spherocity relative to the MB defines wider UE

Leading particle

_00.65 T T 1

0.6

§,(MB)
0.55

1
0.5 I .|

NS

TS

T | I I T T
AS

letty (S;— 0)
Isotropic (So— 1)

0

- Wider range of UE [40,140], than in CDF [60,120]
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Spherocity vs. Tsallis termometer

* Spherocity relative to the MB defines wider UE

* Tsallis-thermometer presents the same

; 0-35 E T | T T T T I I |ad' g| T T | T T T T ] E’}c 0-65 T T T T | T T T T | T T T T | T T T T T T T | T T T T I IJ
q’ - - - e in 1 |
S First A¢ bin wnhg\ . NS 1S AS 18 NS
- 03— --"+ Bt i
= LSTDL | 2 -
0.25 s o = - Jetty (So— 0)
% Bty A % = 0.6 — /‘\ Isotropic (So—> 1)
02 - ‘
= 2 % - B
0.15 — ey s - 5
[ — & o(MB) [====---
N . 0.55 —
0.1— . L
: Monash Tune ] -
| x with leading particle ]
0.05 — e without leading particle . B
O : 1 1 | ] 1 1 ] | 1 ] 1 1 | | 1 1 | : 0_5 I — -
1 1.05 1.1 1.15 : 0

n—l

- Wider range of UE [40,140], than in CDF [60,120]
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Spherocity vs. Tsallis termometer

Spherocity relative to the MB defines wider UE

« Tsallis-thermometer presents the same

T, (GeV)
o
W

0.35

0.25

o
- O
o N

o
-

0.05

(=]

| T T T T I I ui T | ] E’}G 0-65 T T T T | T T | I I T T T I IJ
" 5 a eading _ |
E First A¢ bin wnhg\ Leading particle | i NS TS AS TS NS
B 06'\(}9,/; ______ + ] - _
= ST | = , Jetty (So— 0) ]
: = L/ & a2 0.6)— Tsotropic (So— 1)
= B~ < 1 _ |
- SO 1 5,mB) .
~ )l 0.55 — : —
E Monash Tune E - .
| x with leading particle 1 B _
- e without leading particle .
- 1 1 | I 1 1 I | 1 | | I . L1 [ R ! ]
1 1.05 1.1 1.15 1. 0'50 1 3 4 6
- q . Ao (rad.)
- Wider range of UE [40,140], than in CDF [60,120]
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Parameters in spherocity classes

05 T T

PYTHIA spectra with

sliding angle in S, classes

15 |-

10 F

5

- The more jetty the event, the

angular variation is stronger.

Minimal activity (lowest

g & T values are in the

isotropic case.

Jetty (So— 0)
Isotropic (So— 1)

X

(4]

-10

o 125

1.2

1.1

1.05

S[-60.50 <S;<0.7

TS

- 00 =S,<0.25
C -©-0.25 <S; < 0.50
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Dependence on c.m. energy
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Multiplicity scaling from RHIC to LHC

PYTHIA spectra with sliding
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Multiplicity scaling from RHIC to LHC

PYTHIA spectra with sliding
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Tsallis-thermometer from RHIC to LHC
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Tsallis-thermometer from RHIC to LHC

PYTHIA spectra with sliding
angle from RHIC to LHC
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Tsallis-thermometer from RHIC to LHC

PYTHIA spectra with sliding
angle from RHIC to LHC
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Tsallis-thermometer from RHIC to LHC
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Tsallis-thermometer from RHIC to LHC
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Tsallis-thermometer from RHIC to BB

PYTHIA spectra with sliding
angle from RHIC to LHC
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Tsallis-thermometer from RHIC to BB

PYTHIA spectra with sliding s 02

angle from RHIC to LHC E’

- Multiplicity goes with the P
logarithm of the c.m. energy 0.16

Leading particle line is the outlier
The structure of the curve is stable o0.14

- Nice c.m. energy scaling trends even further?
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Conclusions

« Could we understand UE?
- Not yet, but getting closer by quantifying them
- Model UE: PYTHIA (CR, MPI), HIJING (minijet)
— UE properties has been charaterized
— Tsallis-Pareto fits well in narrow slices

 To take away...
- Tsallis-thermometer present wider UE
In degrees CDF: [60,120] - [40,140]
- Event shape classification support the model
- Scales with c.m. energy well

- UE has been quantified, next step...

Measure & investigate in pA or AA?
G.G. Barnafoldi: Zimanyi School 2023 71



A) PbPb collision

So, again....

Which one

is the “closest” to the early Universe?

C) Cup of coffee B) pp collision

ui A
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Thank You!
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Tsallis-thermometer from RHIC to LHC

PYTHIA spectra with sliding
angle from RHIC to LHC

Multiplicity goes with the
logarithm of the c.m. energy
Leading particle line is the outlier
The structure of the curve is stable
Spherocity is increasing, but the
size of the effect is the same

- Nice c.m. energy scaling trends, in spherocity as well
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derivatives with sliding

Derivatives of the parameters

PYTHIA spectra parameter

angle

- PYTHIAs model UE: CR & MPI
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Spherocity model with multiplicity

T T T T T T 16000

£ 8 £ £

*»— 14000 E\— *»—

a7 o o
6 12000

2 E 2

a - 5

2 E 2

a o 5

]

o

G.G. Barnafoldi: Zimanyi School 2023

76



Thermodynamical consistency:

Thermodynamical consistency?

fulfilled up to a high degree
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