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QGP in small systems? Why we

C 15 and what we have learned
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Outline

An introduction to Quark Gluon Plasma (QGP)
physics in large and small (?) systems

The CLASH project and relevant models
Results from the CLASH project

Conclusions and how to make further progress
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How we create QGP and what the
challenges are

final detected
particle distributions

Relativistic Heavy-Ion Collisions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy
density
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collision
overlap zone
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pre-.
equilibrium it rdad ics
namics VISEOHS Rydrodynamic free streaming

collision evolution
t~0fm/c t~1fm/c t ~ 10 fm/c ©~ 10 fm/c

The QGP is a new phase of matter where quarks and gluons are deconfined

Challenges

*  We can mainly only observe final state particles (after QGP)

*  We do not know very well from theory what to look for (non-
perturbative nature of QGP)




Initial
spatial
anisotropy
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Elliptic flow (v,)
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Fourier decomposition:
dN/d
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Strong
pressure
gradients

Sensitivity to
early expansion
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The QGP liguid compared to other
liquids

J. E. Bernhard,

J. S. Moreland,

S. A. Bass

Nature Phys. 15 (2019)
11, 1113

Helium

Quark—gluon plasma //
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Because of the very low 1n/s (shear viscosity-to-entropy density)
we think the QGP is a perfect liquid!




Perfect liquid has become a
workhorse

Perfect liquid expansion is almost reversible
=>» Almost no entropy production!?
=2 We can “photograph” the initial overlap

( ,\‘[}/ CMS Experimant al LHC, CERN
t Data recarded: Mon Nov 12 01:42:20 2018 C5T
ol .-// SunEvenl 326685

326585 7 66210189

Fur
| e E
| /"f" —~ | Lumi section: 195
ﬁ-._ =

And we can even measure nuclear shapes in this way: arXiv:2209.11042
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Ridges in all systems

CMS

(@) pp Vs =7Tev, N> 110 (b) pPb sy =502 TeV,220 < Ni"™ < 260 (C) PbPb 5y =276 TeV, 220 < Ni™ s 260

1 <p;<3GeVic 4 l<p;<3GeVic

The perfect liquid is produced in all systems
suggesting that small QCD systems produce
“macroscopic” matter
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ALICE
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Is it the same flow mechanism in
small and large systems?

, PRL 123, 142301 (2019)

pp p-PbXe-Xe Pb-Pb
502 13 5.02 544 5.02 |sy, (TeV)

= B8 100 ALICE * Y,
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* v, driven by geometry in
large system
— larger than in small
systems as expected

* v;driven by fluctuations
— same in small systems
as expected

 What is the microscopic
mechanism?
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The Mexican angle

25
.‘
o
> 4

* Visited UNAM 1 month in 2011 (EPLANET)
— Ongoing collaboration since then

— Common workshops: QCD challenges from pp to
AA collisions, Taxco (2016), Puebla (2017), Lund
(2019), Padova (2023), Muenster (2024)
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The “flow peak” in pp

“F ppis=7Tev . Realized that Color Reconnection

° ALICE, preliminary i . . .
N . A (CR) in PYTHIA gives rise to flow

NLO, Phys. Rev. D 82, 074011 (2010) like boosts

] Antonio Ortiz Velasquez, Peter
Christiansen, Eleazar Cuautle
Flores, lvonne Maldonado
Cervantes, Guy Pai¢, PRL 111,
042001 (2013).

1 For details, see T. Sjostrand,
T o arXiv:1310.8073.

Ll
8 10 12 14 16 18
P (GeV/c)

Common

boost CR can be a microscopic model
of flow
>//_/\\< — Renewed interest in CR

Alternative to hydrodynamics
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Integrated particle ratios

ALICE, Nature Physics 13 (2017) 535
LR roTTTTTI s R

—
=

Ratio of yields to (t-+x*)

0 +Q" (x16) “_

DIPSY Color rope model:

i C. Bierlich, G. Gustafson, L. Lonnblad,
: ® pp.s=7TeV : A. Tarasov (Jefferson Lab), JHEP 1503
S s e (2015) 148
—— PYTHIAS8
Later implemented in Pythia (see
. later).
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l ! IJLILIIJ

1
(dN /d n)

3

[nl< 0.5
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The CLASH:
Macroscopic (top-down) vs
microscopic (bottom up) models

e b | )

e Stat. thermal model * Tunneling of qg-pairs
— Canonical — Strings
— Grand-canonical — Ropes and junctions

* Hydrodynamics e String interactions
— Radial flow — Color reconnection
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— Azimuthal anisotropic — Shoving
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Strangeness enhancement:
Pythia explanation

C. Bierlich, G. Gustafson, L. Lonnblad, A. Tarasov, JHEP 03 (2015) 148
String interactions: rope formation

‘ - —

String interactions: junction formation

Picture from C. yBierIich —

(string radii ~3.5 times too small!) ‘ > <

* |ncrease strangeness and/or baryon production

— Ropes have increased string tension — Produce more strangeness
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— Junctions produce more baryons
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Strangeness enhancement:
Herwig explanation

."j:._ transverse momentum distribution at /5 = 7 TeV S. GIeSEke, P. K|rChgaeEer, S. Platzer
I —— CMS Data Eur.Phys.).C 78 (2018) 2, 99

—5_ &
—0_ e >
5 &~

 Non-QGP model like Pythia that uses cluster hadronization

—— ¢ — S8 splittings
new model

E pr [GeV/c]

New additions to Herwig:

— Improved description of strangeness by baryon reconnection and
allowing - = splittings
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Strangeness enhancement:
EPOS explanation

Figure from “QCD Challenges, ECT, Feb 2017, Klaus Werner”

“EPOS 3210  ALICE (black)
- Z(x3)

i o
| High mult = =

Low mult pp e

ratio to

thick lines = (7TeV)

Ccorona ' -cotcothe thin lines = pP (5TeV)

= = COTCO

circles = pp (7TeV)
core ' eeee COTONA squares = pPb (5TeV)
meme COIE stars = PbPb (2.76TeV)

Pictures from K. Werner [ IH\I\| [ IIII\I| L1 HHII|

10 10° 10°

<dn_,/dn(0)>

Corona is more or less like basic PYTHIA

Core is modelled as a QGP where particle production is
described by grand canonical ensemble
— Strangeness is produced thermally and only conserved globally
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CLASH experimental angle:
“Event Engineering”

A proton-proton collision in Pythia
Pythia Manual,
SciPost Phys.Codeb. 2022 (2022) 8

* Discovery — Control/Isolation

e Question: can we control strangeness enhancement?
E.g., switch on and off strangeness enhancement for
a fixed multiplicity
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Two ideas tested in CLASH

* No time to show: Relative Transverse Activity (R;)

— PhD thesis: Omar Vazquez Rueda
(UNAM — Lund — University of Houston)
* ALICE, JHEP 06 (2023) 027 (m, K, p)
— PhD thesis: Oliver Matonoha
* To be published ( °, ¢, A, E)

* Transverse Spherocity (S)

— Extension (N_, — Particle identification) of ideas and
work proposed by Antonio Ortiz (see later)

— PhD thesis: Adrian Nassirpour
* ALICE, JHEP 05 (2024) 184
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https://lup.lub.lu.se/search/publication/4c05fd1b-a3fd-4fd6-bcb1-5fb99c51fc7f
https://lup.lub.lu.se/search/publication/e96d7284-2c1d-4f7c-9741-8d857d698ba8
https://lup.lub.lu.se/search/publication/247766fe-9c0a-4f87-8d03-799297f908ed
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Transverse Spherocity S,

Define the unweighted

transverse spherocity: - | !
=1 _ \ . _A'

TC . R/ /.

A

___isotropic

* Most other ALICE results were for the p-weighted
5o
— We need this change because we study shortlived and
neutral particles

— Will call it S5 in the following
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Forward estimator

~ Different region than

where we measure S,

. Shown for top 10%.
~ (typically used in ALICE

to avoid

. autocorrelations)
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The effect of S, selection for
different multlpI|C|ty estimators

0.9

0.6}

i Nh210 p 20.15 GeV/e, 71 < 0.8

i W Je 1|k [0 1% [ Jet-like [0-1]% M Jet-like [0-1]% 7
T % Jetlike [0-10]% 3% Jetlike [0-10)% ¥ Jetlke [0-10]% |
O ¥ Isotropic [0-10]% Y/ Isotropic [0-10]% W Isotropic [0-10]% |
A Isotropic [0-11% /\ Isotropic [0-1]% A Isotropic [0-1]% ]

L TTH4TT

ALICE, pp, r 13 TeV

|<0.8
® N2 m O vomi ® NG

Mid-rapidity estimator

1/N,, IN/GST
Lo
2

|'|

-

10 15 20 25 30 35 40

(dN_/dy )

Model-to-Data

Same region where we
measure S,

=

T T T T T
[ [®@]Data ALICE

08— — PYTHIA 8.2 Monash PP, Vs = 13 TeV
C — PYTHIA 8.2 Ropes

[ — Herwig 7.2

I — EPOS-LHC

— I <8

i Nl'ackle:s L Nc‘\ =10

Py = 0.15 (GeV/c)

ml <0.8

<
(=)
&

o
(=]
E

=
=)
S

0
14
1.2

007 02 03 04 05 08 07 08 03 1

&

Physics we can address with S5 depends on where we
select the multiplicity

The following results are all done with the mid-rapidity

estimator

— This ensures that multiplicity is almost constant so that we
mainly select harder or softer events
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Results top 1% multiplicity anc
top 1% S, (O. 01% of events)

L I I L I

S +S o gidA+A ppr 13TV T'I'E

T4 01% Nias (0, Now > 10 (4x)
57" 99-100%

PYTHIA 8.2 Mcnash

e Large differences between
jetty and isotropic ratios v/

* Events without S, selection
are similar to isotropic

— QGP-like effects dominates
* Perfect liquid?
— Hard physics is outlier

PYTHIA 8.2 Ropes

Ratio of yields to (" + ©*

" -Integrated

Ratio to S5 -Integ
200 ==
Lo aion

2 4 6 8 10 2 4 6 8 10 2 4 &6
pT(GeV/c)

)

ALICE,
JHEP 05
(2024)
184

o
o))

o
N

Ratio of yields to (& +

e Jet-like events

— Radial-flow “peaks” are
reduced

— Strangeness is significantly A ;
reduced at high p; g od o] P

o (GeV/c)

o
o
e
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Results top 1% multiplicity anc
top 10% SO (O 1% of events)

ALICE,
JHEP 05 (2024) 184

@
£ 1.2 ) )

e O
2 0.8

Q

= 0.6l

& > 4 6 8 10 2 4 6 8 10 2 4 6 8 10
P, (Gevic)

"+ For top 10% we also have resonances (¢ and K*9)
— Require more statistics due to event mixing background

e Vs top 1%: effects are reduced but trends are the same
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Strangeness enhancement vs S,
(top 1% multiplicity)

- Ml <0.8
__\’E =13 TeV1 Ntracklets (I)’ m' . 0'8’ Nch 210

—
—

—

+N,/ N,
+N./ N,
ALICE

N.:03 < p, < 20 GeV/c
Np:0.45 < p_<20 GeV/c

N,:10< p; < 8 GeV/c
—— PYTHIA 8.2 Monash N=:0.6 < p_< 6.5 GeV/c

--- PYTHIA 8.2 Ropes

1 | | 1 | 1 | 1 | 1 | 1 | 1 1 | 1
0.2 0.4 : : 1
Jetty o« SET=- » 1 |sotropic

Ratio to pions / (HM ratio)
o o
0 0] (o)

o
~

* We can control the strangeness enhancement with S, v/
— The effect is bigger for Z (S=2) than for A (S5=1)

* Pythia ropes can describe the enhancement qualitatively
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Strangeness enhancement vs S,
(top 1% multiplicity)

(s=13TeV, N{Tajk?efs() |n|<08 N_ 210

—
N
1

ALICE

N 03<p <2OGeV/Q

Np: 045<p <20 GeV/c

| N, 1.0< p; < 8 GeV/c
— EPOS-LHC Nz:0.6 < pT <6.5GeV/c

--- Herwig 7.2

Ratio to pions / (HM ratio)
(&)
o -

| | | | | | | | | | | | 1 1 1
0.2 0.4 : : 1

gor= » 1 Isotropic

 EPOS LHC captures the trend

— The QGP core is reduced in jetty events

« HERWIG has opposite trend?! (next slide)
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Why Herwig is wrong
o

____isotropic

pr=1
SO

 Herwig produces a baryon enhancement by allowing 3 mesons
close in phase space to form a baryon-antibaryon pair

— But this will be more likely to happen in pencil-like events!
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— What about quark coalescence models?
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Strangeness enhancement vs S,
(top 10% multiplicity)

s =13 TeV, Niige (1), Il < 0.8, N >10

—_—
_\

—
T T T T T T

+N_/ N,
N,/ N,

ALICE
N,: 0.3 <p_<20 GeVic

N_: 06<p <6.5GeV/c
N 05<p <5.0 GeVic

Ratio to pions / (HM ratio)
o o
T m 1 1 T @ T

| — EPOS-LHC
PYTHIA 8.2 Ropes
| | I Il 1 | Il Il I 1 Il Il | Il 1
0.2 ! ] ; 1

Jetty o« s » 1 |sotropic
¢ (= )and = ( ) follows different trends

 Data and models agree

— Surprising for Pythia where ¢ is produced via 2 ~ breakings
« Suggests that the effect is mostly due to junctions

« How can we differentiate between EPOS and Pythia Ropes?
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Answer: look at the how the
strange quarks are balanced

= (Xi) baryon

QGP:

We naively expect that
in @ QGP the quarks will
be deconfined and so
eventually the quark
pairs will drift apart in
phase space.

Lund string:

Most quarks and
antiquarks are
produced together
during hadronization.
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The easiest case:
= balanced by antiproton

QGP:

We expect that the balancing occurs on a statistical basis so
this can happen.
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The easiest case:
= balanced by antiproton

Normal Lund string and ropes:
= almost never balanced by
antiproton but instead typically
by antistrange baryons and
even anti-=!
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Idea from CLASH workshop write up: J. Adolfsson et al, Eur. Phys. J. A 56 (2020) 11, 288,
“QCD challenges from pp to A—A collisions”
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The easiest case:
= balanced by antiproton

Junction:

= balanced more by kaons and
less by antistrange baryons.
Broader correlations in rapidity.
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Idea from CLASH workshop write up: J. Adolfsson et al, Eur. Phys. J. A 56 (2020) 11, 288,
“QCD challenges from pp to A—A collisions”
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Microscopic balance of = by
antiprotons: MB results

B ] m  ALICE
0.03 00 lIIj:I [ ] PYTHIA8 Monash
B EPOS LHC
0.02 s O PYTHIA8 Junctions

0.01

1 ; I |
arXiv:2308.16706 0

EPOS (QGP) model: no structure due to extreme
assumption of grand-canonical ensemble

Pythia8 Monash: fails since this almost never happens
Pythia8 Junctions: describes well the data

30
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Microscopic balance of = by
antiprotons: low mult results

0.04 = ALICE, 40 — 100%

0.03

PYTHIAS8 Junctions

0.02

0.01 g ‘*{‘E*F; f#ﬁ*ﬂﬁ#tt

0.- -. . . .. -.' I | '| —

arXiv:2308.16706 2 4
Ao (rad)

Pythia8 Junctions: fails to describe the data since in the
low multiplicity limit it must agree with Monash (no CR)
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But why does nature prefer such a complicated process
where strangeness is balanced by two mesons?
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Part of the work of Jonatan
Adolfsson’s PhD Thesis

ALICE Preliminary pp s = 13 TeV, minimum bias, | ( 8}-Z-P. 1.2 < p} < 12 GeV/c, 0.4 < p** < 3 GeV/c

Byl <3010 b m ALICE p—

[Z-K, 12 < pi® < 12 GeV/c, 0.2 < p < 3 GeVic - [ PYTHIAS Monash - p
r I EPOS LHC

PYTHIA8 Junctions

PYTHIAS Ropes ALICE congratulates its PhD thesis
award winner

2.JuLY, 2021 Jonatan AdOlfSSOn (I—U)

-

- Noso)/dAy
N

0S
pairs

ALICE Spokesperson Luciano Musa (Ieft) awards the prize to Jonatan Adolfsson (right) in the virtual presence of Collaboration Board Chair Silvia
Masciocchi and the Chairs of the Thesis Award Committee, Giuseppe Bruno and Philippe Crachet (Image: CERN)

https://home.cern/news/news/cern/alice-
congratulates-its-phd-thesis-award-winner

1/Nyig d(N

ALI-PREL-489014

* He studied many more combinations, see
arXiv:2308.16706
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Conclusions and how to make
further progress

* Focus less on measuring “more of the same” and
more about new observables
— In CLASH, we could in this way point to fundamental

issues that needs to be addressed in Herwig and for
Pythia ropes/junctions

— And point out an EPOS limit: we need QGP-based
generators that tries to implement microscopic models

* Alternative descriptions such as
Angantyr/Ropes/shoving offer unique opportunities
to look at our field from a different perspective

— We should welcome this!

Thank Tfou!
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Focus on models that address
strangeness enhancement

ALICE, Nature Phy3|cs 13 (2017) 535 ALICE, Eur. Phys. J. C 80 (2020) 693
5 op

2K

TH4T)

2
(
—
3

m [H][g][m;

A+A (x2)

Ratio of yields to (m-+m*)

Ratio of yields to

Q+Q" (x16)

® pp.\s=13TeV
; A O pps=7TeV
; gpp t\; s\:s 7 Te;l 02 Tov 7 L ¢ p-Pb,\s,, =502 TeV
NN = 4 y 0 _Pb-Pb,\s, =2.76TeV
[J Pb-Pb, \sy, =276 TeV L —— PYTHIAS + color ropes
—— PYTHIAS 4 / ------- HERWIG7
] -~ PYTHIA8 Monash

v EPOS LHC { PYTHIAS Monash, NoCR
ekl kil \|||| 1 [ |\||||

||:ml L uunos 102 103
(dN dn) (dN_/dr)
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Pythia and Lund string-
model in one slide

Pythia Manual, SciPost Phys.Codeb. 2022 (2022) 8

(O Hard Interaction

@ Resonance Decays

W MECs, Matching & Merging

W F5R

W |SR*
QED

- B Weak Showers

¥ Hard Onium

(O Multiparton Interactions

O Beam Remnants*

[ Strings

@ Ministrings / Clusters
Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac

W Primary Hadrons

W Secondary Hadrons

M Hadronic Reinteractions
(*:incoming lines are crossed)

Figure 1: Schematic of the structure of a pp — tt event, as modelled by PyTHIA.

Pythia simulates inelastic non-
diffractive proton-proton
collisions as a sum of parton-
parton collisions

More details:

simplified colour
representation:

S >

F
full QCD 4

. o0 >'r
U
r r T r

quenched QCD

Lund string model hadronizes the final
partons. Motivated from LQCD /
confinement, simple picture.

String breaks into g-gbar pairs (mesons)
and g+g-qbar+gbar pairs (baryons)

https://www.hep.lu.se/staff/christiansen/teaching/spring 2013/lundString.pdf



https://www.hep.lu.se/staff/christiansen/teaching/spring_2013/lundString.pdf
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Introduction to R;

ldea: Martin, Skands, Farrington, Eur. Phys. J. C76 (2016), 1

Charged Jet #1 Ieading / trigg

Direction T T
arXiv:1910.14400

T T 1T I LI | LI I TTrrr | LI I LI I LI I LI
M pp, \s=13TeV

| —%— Toward region

| B Away region

—#— Transverse region

ch

Multiple Parton Interactions #ougaing Parkn
pTihﬁrd]

1/(Ne,AnAQ)N

S
T

COutgoing Faron

Figure from Eur. Phys. J. C62 (2009), 237
"Away-Sida" Jat \sadifig GeV
p; " (GeVie)

JHEPO4 (2020) 192
o ALICE

5 <™ <40 (GeV/o) Gives some control over the UE

,.c;‘TraCk >0.15 GeVie,|n| < 0.8

1/N, dNo/dR

pp, 15 = 13TeV \ ‘ ' ' '
[#-IData =~ 1:averagepp N P 4

— PYTHIA 8 Monash 2013 / e

< EPOS LHG -

== NBD it (k = 3.971, m = 5.244) iy
— oo: "AA-like"
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In particular tries to control Ny,
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Particle ratios vs p-

T T T
Transverse )

I
T

[(]0.0<R; <05 T
[05<R <15 |
[1.5<R, <25 | 4
[J25<R <50 4

Away
Ap| > 120°
C pp, Vs =13 TeV, |n]|<0.8 [Ap| >
3L 5<p" < 40 GeV/e

jﬁu L.
++4’*+%ﬁ ! Vf}?‘:’
o

Vi
= 1: average pp\\\ ,[

] sz ings ! .
] ¢ & £ i T 1
B - = —l.

. 1 ) o ‘— :
Ar T 4 T & 1 -’
L 1 5 1 & i e, / -
K 168 14 ] - -

T Y - ‘ R S - 0: "ee-like" - oo: "AA-like"

* QOpposite behaviour of kaons and protons
— Protons: Little change in Transverse region, MB is like Transverse
— Kaons: largest change in Transverse region
' * Protons: ratios grow in Toward and Away regions with RT
— Jetis diluted — Approach transverse region
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Comparison with Pythia

1 T 1 T T 1 T T
Toward 1 L Transverse

L bp. Vs = 13 TeV, n|<0.8
3L 5<pr™™ <40 GeVie

1
verage pp \\ Vi ‘,
~

: y,f" o) ‘ : 4 :
r /477 — PYTHIA8 Monash T 44 T /85 [0]0.0<R; <05 ] iy "/ ',
£ 4 --- PYTHIA8 ropes 14 L [e]J25< R <50 ] - -
PERTERSRTIN B S U S S S NS N 'Y
3 4

Pythia Monash has little R; dependence
— More of the same without new CR schemes — we need the new physics!

Pythia Ropes qualitatively captures the trends. Quantitatively overestimates
effect on protons

— Too many protons in general (seems to be a junction problem, see later)
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Comparison with Pythia

L ITowanl‘d I I.. L l 1I'ransv|erse I
| ALICE
| pp, Vs =13 TeV, ||<0.8

4f 5<pr™™ < 40 GeV/e

Away
[Ap| > 120°

1
verage pp \\ Vi ‘,
~

[50.0<R. <05 B 7 &
E|25<R<50 ] - -

 EPOS and Herwig both qualitatively captures the trends

* EPOS overestimates proton production. In particular in Transverse region.
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p+ integrated ratios comparec
with models

ALICE I

- pp, ¥s=13TeV, |n|<0.8 1 == PYTHIA8 Monash
5< pleading < 40 GeV/c 1 = PYTHIAS ropes

. LN ) , ; Away

PR |Ap| > 120°

1
verage pp \\ Vi ‘,

:’

It is clear that all models have issues
— E.g. wrong trends for the proton-to-pion ratio vs RT

Pythia Ropes produces too many protons — more of a baryon enhancement
(junctions) than a strangeness enhancement (ropes)
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In general for all models: the data provides opportunity to tune and test!
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Quantum number balance is an old idea
that was also used to validate string model

Phys.Lett. 163B (1985), 267

EVIDENCE FOR POMERON SINGLE-QUARK INTERACTIONS
IN PROTON DIFFRACTION AT THE ISR

R608 Collaboration
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Solid lines are calculations
for isotropic phasespace
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Example:
=-K correlation functions

| ALICE Preliminary pp Vs=13 TeV
2K 12< ,o‘T"g <12 GeV/c, 0.2 < p3* < 3 GeVie,
Ayl <1

Triggeron:Z( ) 4

E —*— same sign

- EE E —=— opposite sign
Measure where N

balancing QN ends up: - H 4
). 3 M
AC DEC) H

-
EEEEEE

1/Nyq dN/dAQ

=
(&
an

Subtract the uncorrelated
production via the same QN
correlations:

(), O )A(
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