Emergent phenomena in high-density QC
matter at the LHC and beyond
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Constituents of matter
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— Quarks carry color charge:
Red, green, blue

— Antiquarks carry anticolor:
cyan, magenta, yellow




Constituents of matter

— Quarks carry color charge:
Red, green, blue

— Antiquarks carry anticolor:
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Fundamental interactions

Electromagnetic interaction

\ Weak interaction
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\ Strong interaction

) Gravity

— Interactions occur via the

photons, Z/W, gluons and
the Higgs

— Quarks may ordinarily
only be found confined into
colorless hadrons

exchange of force carriers:
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exchange of force carriers:
photons, Z/W, gluons and
the Higgs

6 quarks

— Quarks carry color charge:

Red, green, blue

— Antiquarks carry anticolor:

cyan, magenta, yellow

— Quarks may ordinarily
only be found confined into
colorless hadrons

— Can we understand
confinement and hadronization?




Describing electron, proton and nucler collisions

electron-proton
collisions

___________________

 QED/QCD coupling: y* exchange
‘| * Single scattering in initial state

| * initial parton energy can be
inferred by kinematics
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Describing electron, proton and nucler collisions

electron-proton - High-multiplicity pp,

collisions = '~/ proton-lead collisions

___________________

e
* QED/QCD coupling: ¥* exchange e 2 — 2 scatterings (LO QCD)
‘| * Single scattering in initial state |+ Soft physics: initial and final state
| * initial parton energy can be p & radiation
inferred by kinematics
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Describing electron, proton and nucler collisions

electron-proton v High-multiplicity pp,

__________________________

collisions . '~/ proton-lead collisions
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* QED/QCD coupling: ¥* exchange e 2 — 2 scatterings (LO QCD)

‘| * Single scattering in initial state |+ Soft physics: initial and final state

| * initial parton energy can be p & radiation, multi-parton interactions
inferred by kinematics * MPI correlated via b, Q?
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Describing electron, proton and nucler collisions

electron-proton -~ High-multiplicity pp,

collisions = 1 proton-lead collisions

Jet universality:
Given a specific outgoing
parton with a specific
momentum, final hadrons
are always the same

¥ ;
o
o
|+ QED/QCD coupling: y* exchange e 2 — 2 scatterings (LO QCD)
‘| * Single scattering in initial state |+ Soft physics: initial and final state
| * initial parton energy can be p & radiation, multi-parton interactions
inferred by kinematics * MPI correlated via b, Q?
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Describing electron, proton and nucler collisions

electron-proton
collisions
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High-multiplicity pp,
proton-lead collisions

lead-lead (Pb-Pb)
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 QED/QCD coupling: y* exchange
‘| * Single scattering in initial state

| * initial parton energy can be
inferred by kinematics

2 — 2 scatterings (LO QCD)

Soft physics: initial and final state
radiation, multi-parton interactions

MPI correlated via b, Q2

Quark-gluon plasma (QGP)

kinematically and chemically |
equilibrated system: hydrodynamics | -

and statistical principles
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Ihe phase

diagram of QC

0 9 Quark-gluon
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Ordinary nuclear matter
Protons, neutrons...

>
Net baryonic density
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The phase diagram of QC

D matter
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The phase diagram of QC

D matter
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Describing electron, proton and nucler collisions
! J v 0

electron-proton . High-multiplicity pp, lead-lead (Pb-Pb)
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collisions '/ proton-lead collisions collisions
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* QED/QCD coupling: ¥* exchange e 2 — 2 scatterings (LO QCD) Quark-gluon plasma (QGP)
| * Single scattering in initial state 1| * Soft physics: initial and final state kinematically and chemically .
‘| » initial parton energy can be " “|  radiation, multi-parton interactions [ ~| equilibrated system: hydrodynamics |~
inferred by kinematics * MPI correlated via b, Q? and statistical principles
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ALICE
pp, Vs =7 TeV Nat. Phys. 13 (2017) 535-539 |
Preliminary Pb-Pb, \/SNN =5.02 TeV

10 10? 03
(dN_/d n)

Inl< 0.5

Strangeness production

* One of the original traces of the QGP
« Thermal production via gluon fusion in a QGP scenario

« KO% A(1s), E(2s) and Q (3s) in Pb-Pb at 5.02 TeV:
 Production wrt to T enhanced

L in high-density QCD matter at the LHC and beyond




pu ¢ Bond § 00 DIEL Strangeness production

1>* i ?@W o O EUJEHJEHJDD[]]]]]]E « One of the original traces of the QGP
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A+A (@) « Thermal production via gluon fusion in a QGP scenario

Ratio of yields to (m*+m")

: § fﬁﬂ hdbd 4]« Ko, A(1s), 2(2s) and Q (3s) in Pb-Pb at 5.02 TeV:
- @M@@ E (x6) ] « Production wrt to m enhanced
- <ﬂ>* 411 <+ Also studied in p-Pb and pp
« Strangeness increases with multiplicity following a
. <H> [H] [HJ EHJ EHJ [H]EIJ universal trend
107 -
i <ﬂ> <ﬂ> [H] Q+Q" (x16) i
_ <i>.|. _
I ALICE |
<> p-Pb, \/STN:S.OZ TeV PLB 728 (2014) 25-38
0  Preliminary Pb-Pb, |s,, = 5.02 TeV
10_3_I IIIIII| 1 1 IIIIII| 1 1 IIIIII| I_
10 10° 0°
(dN_ /dn)
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ALICE

@® pp, Vs=7TeV Nat. Phys. 13 (2017) 535-539 |
)  p-Pb,|sy,=5.02TeV PLB 728 (2014) 25-38
] Preliminary Pb-Pb, |s,, = 5.02 TeV
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Strangeness production

* One of the original traces of the QGP
« Thermal production via gluon fusion in a QGP scenario

« KO% A(1s), E(2s) and Q (3s) in Pb-Pb at 5.02 TeV:
 Production wrt to T enhanced

« Also studied in p-Pb and pp

« Strangeness increases with multiplicity following a
universal trend

L in high-density QCD matter at the LHC and beyond




R . Strangeness production
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One of the original traces of the QGP

Ratio of yields to (t++m7)
oo
%

A+A (x2) « Thermal production via gluon fusion in a QGP scenario
i“ 11 ¢+ K%, A(1s), 2 (2s) and Q (3s) in Pb-Pb at 5.02 TeV:
- Nﬂﬂifﬂp E4E (x6)  Production wrt to m enhanced
i Iljl 411 <+ Also studied in p-Pb and pp
« Strangeness increases with multiplicity following a
ZL universal trend
10° E i
ﬂ j 4" (x16) « Not described by PYTHIA
i ﬂ | . .
I |  How can this be achieved?
= PYTHIA8 [1]

ALICE
® pp, Vs=7TeV Nat. Phys. 13 (2017) 535-539 |

p-Pb, |'s,, =5.02 TeV PLB 728 (2014) 25-38

Preliminary Pb-Pb, \/S_NN =5.02 TeV

10_3 7_/-|__/ I I || [1] Comput. Phys. Commun. 178 (2008) 852-867
10 10? 0°

]
(dN_ /dn)
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QCD

perspective Particle production in the Lund model
q4 ( nm%) * Hadronization can be described as the breakup of
) R P x<exp|— L y ,
" o 3 K color flux tubes (“strings”) with constant energy
————e— density / tension
i::. g::E ; * Standard PYTHIA with MPI: no increase of
strangeness production
—eo o0 o e o0 o
—

Emergent phenomena in high-density QCD matter at the LHC and beyond



QCD

perspective Particle production in the Lund model
| | | 7 * Hadronization can be described as the breakup of
A ;; g 2/ | color flux tubes (“strings™) with constant energy
Tl L 'ﬁ 20+0)/m density / tension
! e° 8 ¥ 6p/nt ]
¢ ¢ ¥ st . .
: L » Standard PYTHIA with MPI: no increase of
[ 5] | v =\ 4+ .
: t ’ e 16(@+/m= strangeness production
S 107 | =".’ o ° m . : . . -
2 R * New development: in high-density conditions,
= + ® um . ] .
L o+ oete , strings may overlap to form color ropes
= = = DIPSY pp | | , .
B} - e o Pythia8 + ropes * Increased tension — increase in s production!
107 | b
: ¢ ¢+ DIPSY pPb 1
+ v v DIPSY PbPb f : Tm2
101 10° 10° N P oc exp <_ K
N, 2<|n| <4, p, > 0.15 GeV . 02
ae , - m?2
C. Bierlich, " P < exp (— —
https://indico.cern.ch/event/732345/contributions/3024828/attachments/ 1 668639/2676025/cbierlich.pdf ] p K
K> K
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Heavytion
: R (fm) R (fm)
perspective 2 s tseresw 2 9 4 sereem

)HML

sf K I = dss

The statistical hadronization picture:

Canonical suppression

(h/m)/(h/m

)HML

 Statistical Hadronization Models (e.g. Thermus)
can be used to describe relative particle
species abundances : ;

1.5}

(h/m)/(hix

ALICE
EppVs=7TeV,lyl<05
O p-Pb {syy=5.02 TeV, 0 < Y ons <05
® Pb-Pb s, =276 TeV, Iyl <05
— THERMUS v3.0
T = 146-166 MeV
R=R.

dN_/dy k=135=0.28

* In small systems and multiplicities:
e strangeness must be exactly conserved [ o I
* leads to suppression of open strangeness

U HML

1

S

o

v
—
o
-
=
N
—
o
[¢

* Effect depends on system size; SHM
description holds over certain rapidity range k

* Fromdata, k= 135+ 0.28

(h/m)/(h/m)

* Description OK for strangeness

ALICE, Phys. Rev. C 99, 024906
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Heavytion
perspective

The statistical hadronization picture:

Canonical suppression

Statistical Hadronization Models (e.g. Thermus)
can be used to describe relative particle
species abundances

In small systems and multiplicities:
e strangeness must be exactly conserved
* leads to suppression of open strangeness

Effect depends on system size; SHM
description holds over certain rapidity range k

* Fromdata, k= 135+ 0.28

4 5 67 8910

3 4 5 678910

R (fm)
2 3 4 5 6 7 8910

)HML

(h/m)/(h/m

15F

dss

)HML

(h/m)/(hix

0.5F

HML

(h/m)/(h/m)

ALICE
EppVs=7TeV,lyl<05

O p-Pb {syy=5.02 TeV, 0 < Y ons <05

® Pb-Pb s, =276 TeV, Iyl <05

— THERMUS v3.0
T = 146-166 MeV
R=R.
k=1.35+0.28

* Description OK for strangeness

* But fails for ¢: net strangeness zero. ..

— * And fails for K'% affected by post-hadronization effects (rescattering) -

ALICE, Phys. Rev. C 99, 024906




Combjned / hybrid
perspective

low mult pp

peripheral AA
high mult pp

Strangeness in EPOS 3:

The core-corona approach

* At time 1y (before hadronization) strings
divided into fluid (CORE) and escaping
(CORONA) according to momenta and

local density
* Corona: string fragmentation (Lund)

. from time 1, evolves as a viscous
hydrodynamic system. Hadronization
happens statistically at a common T

* After hadronization: hadronic cascade
model (UrQMD)

* N.B. droplet of QGP needed

ratio to 7

ratio to 7

[Em—.
-}

10

[E—
e}

10

K. Werner,
http://www.ectstareu/files/talks/Klaus.pdf ~<dn Ch/ dT] (O)>

Y

N\

-3

. EPOS 3.210 ALICE (black)
Q(x8)
;’. 0 \Ormo™ o= ——'/ * * *K
Lo @%
,’ /Féﬁﬂ
A6 0
L y /4
/6 co+co+hc
= OV . = = Co+co
—f o 9 %ees "L eeee corona
b “e—e COIE
b
o | \HHH‘ | \HHH‘ 2\ \HHH‘ 3
1 10 10 10
<dn_, /dn(0)>
B EPOS 3.210 ® ALICE (black)
— e mo=0m=ou
; 569 o’gmofoooo.ooo"'.
B — full
B CO+CO
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E —e=—s COI'C
L \HHH‘ | \HHH‘ 2\ \HHH‘ 3\
10 10 10
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L ong-range near-side particle correlations from pp to Pb-Pb

(a) CMS PbPb |s, =2.76 TeV, 220 < NJi'™ < 260

1< p‘T"g <3 GeVic
1< p:ss” <3 GeVic

Phys. Lett. B 724 (2013) 213

* In Pb-Pb collisions, particles are emitted with a modulation in
azimuth due to collective expansion of an elliptic initial condition

Collective expansion

Emergent phenomena in high-density QCD matter at the LHC and beyond
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L ong-range near-side particle correlations from pp to Pb-Pb

(a) CMS PbPb (s, =2.76 TeV, 220 < NJi'"™ < 260 (b) CMS pPb s, = 5.02 TeV, 220 < N3¥'"™ < 260 (d) 1110, 1.0GeV/c<p_<3.0GeV/c

1< p"g <3 GeVic

1<p°<3 GeVic
1< passoc < 3 GeVl/c o Lo

1< palssoc <3 GeVic

L e . |e
gzg 28 gzg 3.4
%g 26 «scg 55

”'M“»«i“

"‘ ‘o““\"
“‘ 4‘

Phys. Lett. B 724 (2013) 213

* In Pb-Pb collisions, particles are emitted with a modulation in
azimuth due to collective expansion of an elliptic initial condition
e Also observed in p-Pb and pp
* Initial condition not necessarily elliptic
* Collective expansion also at play?
Collective expansion * Under which conditions does this not happen?

0102 160:600} d3HN

Emergent phenomena in high-density QCD matter at the LHC and beyond
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L ong-range near-side particle correlations from pp to Pb-Pb

a) CMS PbPb |s_ = 2.76 TeV, 220 < N2 < 260 (b) CMS pPb |'s,. = 5.02 TeV, 220 < N°i"® < 260
NN trk NN trk

1< p‘T"g <3 GeVic
1< p:ss” <3 GeVic

Phys. Lett. B 724 (2013) 213

Collective expansion

1<p®<3 GeVic
1< p:ssoc <3 GeVic o

(s = 318 GeV
0.5<p_<5.0GeV

* In Pb-Pb collisions, particles are emitted with 1 g
azimuth due to collective expansion of an elli
« Also observed in p-Pb and pp e'p collisions with Q2 > 20 GeV?/c?

* Initial condition not necessarily elliptic
* Collective expansion also at play?
* Under which conditions does this not happen?

How can this be explained?

Emergent phenomena in high-density QCD matter at the LHC and beyond 10



MCnet-16-48, LU-TP 16-64

High multiplicity — many partonic interactions
Many partonic interactions — many colour strings

Many closely-packed colour strings — shoving!

b_[fm]

-0.2

-0.4

-0.6

0.6

0.4

0.2

String shoving leads to collective motion

PYTHIAS8 string shoving, pp 13 TeV
100<N,,<120

9896080 ¢ AlIXIE

% ‘__’_/ No push N 4

* (Can now be reproduced using PYTHIA

\ * Explains presence in high-multiplicity hadron-hadron collisions
No net push * Explains absence in electron-proton interactions

0.5

| | ) * Example of emergent QCD phenomenon
-1 * Should also explain Pb-Pb collectivity

b tfm] 0.5
* * see https://arxiv.org/abs/2010.0/595

Emergent phenomena in high-density QCD matter at the LHC and beyond
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https://arxiv.org/abs/2010.07595

v, {2PC, 1.4 < |An]| < 6.8}

Beyond charged particles: identified particle v, coefficients

1 | 1 | |
ALICE Preliminary Improved template fit
021= pPb 5., = 5.02 TeV .
VOA, 0-20%
0.15
0.1
oy ALICE Hydro-coal-frag
005 weim [o]mt Ort
[m]K* K
[+]p() [Ip(®)
O | | | | |
0 1 2 3 4 5 6
P, (GeV/c)

= Systematic search for identified particle flow
= collective behaviour present: T, K, p
= Consistent with mass ordering, particle type grouping
" Even beyond: heavy flavour flow verified in small

systems as well - except charmonia and bottom

_______ Pb-Pb pPb pp
open charm

charmonia x
open bottom x

X X -

bottomonia

Remaining puzzle:
v, > 0 implies energy loss ...
...but no jet quenching?! To be solved!

Emergent phenomena in high-density QCD matter at the LHC and beyond
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Vv, coefficients in ultra-peripheral Pb-Pb collisions

Ultra-peripheral collisions: photonuclear processes
= High-multiplicity events selected for analysis

* The plot thickens: Non-zero v,,
...but lower than hadron-hadron collisions!

Similar to result by CMS [2] in ¥p interactions (in p-Pb)

Can be explained using CGC predictions [ |]
Caveat: v, coefficients vulnerable to (residual) non-flow

Physics also related to electron-ion studies

[I] Phys.Rev.D 103,054017/
[2] https:/arxiv.org/abs/2204.13486

ATLAS, Phys. Rev. C 104, 014903

- ATLAS Template Fit -
B Pb+Pb, 1.0 H,b-1 -1.7 nb-1 20 <_|.A]]_|.S5_0__
HRENS 5.02 TeV, OnXn 1 ,D+P$ N > 60 I

i » "Veh = |

K
¥ Pb-Pb

[ X An>25

B ch — B B g~ -
- § Photonuclear & © | i}
" CGCcalc. & £
B o y x|
B 4 BNE 000 g _
- . = - i
i s iR} & ]
B - D + |

l Ultraperipheral
| | | | | | | | | | |

0 1 2 3 4 5

p, [GeV)

Emergent phenomena in high-density QCD matter at the LHC and beyond
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Proton to pion ratios

f\12 T T T T 11T T T T T T 11T T

f [ ALICE Pb-Plb ﬁ =276TeV,lyl<05 I |

+ F=— 0-5%, (dN_/d) = 1601.0 ' .
== T . » RBehavior known from Pb-Pb collisions
e

+

" |nterpreted as radial flow: p are pushed
to a higher momentum
" p are pushed to higher momenta
by a common velocity field

Emergent phenomena in high-density QCD matter at the LHC and beyond 14



—_

Pp+P)/(xr+

Proton to pion ratios

ALICE, Phys. Rev. C 99, 024906
1,2 T llllll| T T l|||||| T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII| T
L ALICEppYs=7TeV,lyl<0.5 ALICE p-Pb \fs =5.02 TeV, 0 < Y s <05 ALICE Pb-Pb |fs =276 TeV, ly| <0.5
1 [ E=— VoM Class I, (dN_/dy) =21.3 [ = 05%, (@n_/dn) = 45.1 T E== os% N sdn) = 16010 1
L [==—] VOM Class X, (dN_,/dy) = 2.3 =] 60-80%, (0N, /) = 9.8 F=—] 60-80%, (N, /d1) =555
| (VOM Multiplicity Classes) (VOA Mult. Classes - Pb side)
0.8 - T
[ O&—»
: « o PP
0.6 - T

[N (GeV/c

1 10

P, (GeV/c)

= Behavior known from Pb-Pb collisions

" |nterpreted as radial flow: p are pushed
to a higher momentum
" p are pushed to higher momenta
by a common velocity field

Emergent phenomena in high-density QCD matter at the LHC and beyond
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ALICE, Phys. Rev. C 99,0

24906

Proton to pion

~ 1.2

1

0.8F

P+P)/(xt+ =

[ ALICE pp {5 =7 TeV, Iyl <05

F=— VoM Class |, (dN_ /dn) = 21.3
F==—] VOM Class X, (dN_/dn) =2.3
(VOM Multiplicity Classes)

ALICE p-Pb 5, =5.02TeV,0<y_ <05
[ == 05%, (@n,/dan) = 45.1
F—=—1 60-80%, (N /d1)=9.8

(VOA Mult. Classes - Pb side)

T T T TTTT | T
ALICE Pb-Pb yfs = 2.76 TeV, ly| <0.5
E=— 0-5%, (dN_ /dn) = 1601.0
E=— 60-80%, (dN_ /dn) =555

10

0.4f

[ Fedppis=7TeV,lyl<0.5 ]
[ E=p-Pbys, =502Tev,0<y_ <03
- FePb-Pb (s =276 TeV,lyl <0.5 -

)
\.XN ]

0.50 <p_<0.55 GeV/c
sl vl Lo L

10 10° 10°
<chh/d 17>I17I<O.5

ratios

= Behavior known from Pb-Pb collisions

" |nterpreted as radial flow: p are pushed
to a higher momentum
" p are pushed to higher momenta
by a common velocity field

= Remarkable consistency across systems
as a function of multiplicity

Emergent phenomena in high-density QCD matter at the LHC and beyond
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Proton to pion ratios

ALICE, Phys. Rev. C 99, 024906

I/-\ 1 .2 T T T TTTT I T T T T TTTT I T T T T TTTT I T T T T TTTT I T
f [ ALICEpp (s =7 TeV, Iyl <0.5 I ALICE p-Pb yfs =5.02 TeV, 0 < Y s <05 I Auceroro V5 =276 TeV, Iyl <05
[ == voM Class I, (dN_/dy) =21.3 AL E=— o5%, (N, ian) = 45.1 T E== os% @n dn) = 16010 1 ' v
K = IV T == P == T ] = Behavior known from Pb-Pb collisions
=~ i (VOM Multiplicity Classes) 1l (VOA Mult. Classes - Pb side) i ]
12 0.8 .
+ [ I .
e I > T <o PP » |nterpreted as radial flow: p are pushed

to a higher momentum
" p are pushed to higher momenta
by a common velocity field

= Remarkable consistency across systems

. as a function of multiplicity
:- 1E Fedpp fs=7TeV,lyl <0.5 ]
\\l-f‘/ [ Edp-Pbys,=502Tev,0<y_ <03
c sk E&] Pb-Pb {5, =2.76 TeV, Iyl < 0.5 a1
+ - 4
e |
0.6 N -
0.4F \ ]
0.2:_ 'X‘{} _--
- 0.50<p_<0.55GeVic A 240<p_<2.60GeV/c
0_ vl i i vl L |_- Lol 1 |-|r|||||| Lol 1 |-
10 102 10° 10 10 10°
<d Nch/d r]>ln|<0.5 <d Nch/d r]>ln|<0.5

QCD matter at the LHC and beyond
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Pp+P)/(xr+

ALICE Phys Rev C 99 024906

Proton to pion

1.2 T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII| T
| ALICE pp r 7TeV,lyl<0.5 ALICE p-Pb \fs =5.02 TeV, 0 < Y s <05 ALICE Pb-Pb |fs =276 TeV, Iyl <0.5
1E F—=— VoM Class |, (dN_ /dn) = 21.3 I B os% @, an) =451 1T B os% @n,an =>1601.0 ]
L - 809 _ E=— 60-80%, (dN_ /dn) =555
F==—] VOM Class X, (dN_ /dn) =2.3 F—=—1 60-80%, (N /d1)=9.8 n
| (VOM Multiplicity Classes) 1L (VOA Mult. Classes - Pb side)
ok ; Pb-Pb
L it
L O o PP
0.6 -

H
p— E -
10
pT(GeV/c)
1.2 LR | T T T T T TTTTIT T T TTTTIT T IIIIIIII T T IIIIIIII 1 IIIIIIII T IIIIIIII T T
[ ALICE I I NV ]
1k Fedpp fs=7TeV, lyl <0.5 i ] ]
[ B p-Pbys, =5.02TeV, O<yCMS<0 i
osl Ee]Pb-Pb {5, =276 TeV, Iyl <05 -t
0.6f I .
04l \ 1 ]
0.2f 0% A .
0.50 <p_<0.55GeV/c | 240<p _<260GeVic | 10.00 < p_<15.00 GeV/c
0 Lol Ll ol 11 11 IIIIII| 11 IIIIIII 11 IIIIIII 11 11 IIIIIII 11 IIIIIII 11 IIIIII| 11

10° 10°
<chh/d r]>ln|<0.5

10

10 102 10°
<chh/d r]>ln|<0.5

10 10° 10°

<chh/d 77>|n|<o.5

ratios

= Behavior known from Pb-Pb collisions

" |nterpreted as radial flow: p are pushed
to a higher momentum
" p are pushed to higher momenta
by a common velocity field

= Remarkable consistency across systems
as a function of multiplicity

" high py: recovery of universal behavior?

> and beyond
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Proton to pion

ratios vs MC predictions

ALICE, Phys. Rev. C 99, 024906

IA FT T | T T | T T T T | T T T T | T T T T IA T T T I‘L ||||||
f o ALICEpp {s=7TeV f
S 012k PYTHIA Monash, no CR 4 7 04F
B - - = = PYTHIA Monash, with CR B
~ [ eee--- EPOS LHC ~0.35F n
i 0.1
+
2 ]
0.081
0.06 ]
0.04F 4 0.15F E
0.50 < p_ (GeV/c) <0.55 - 240<p_(GeV/c) <2.60 ]
1 I 1 1 1 I 1 1 1 I-I— I 1 1 1 1 I 1 1 1 I_ 1 ¢I 1 I 1 1 1 I-I— I 1 1 1 1 I 1 1 1 I_
0 5 10 15 20 10 15 20
<dNCh/d 77>|n|<0.5 <dNCh/dTI>InI<O.5
| : ' : —>
0 1 | 2 p_ (GeV/c)
|
|

______________________________________________________________________________________

PYTHIAS8 —T. Sjostrand et al., Comput. Phys. Commun. 178 (2008) 852-867
EPOS LHC - T. Pierog et al., arXiv:1306.0121

= Color Reconnection:

- Implemented in PYTHIA8 Monash; hadronizing
strings may be rearranged prior to fragmentation
in a multiplicity-dependent way

- Qualitative agreement with the behavior of the
data

= Collective Radial Expansion:
- Present in EPOS LHC
- Includes a QGP droplet
- viable explanation but effect is overestimated

Now up to the theorists to explain via a
universal mechanism
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Baryon to meson ratios: strangeness + charm

ALICE, Phys. Rev. C 9

AJKO,

9,024906

F ALICE pp Y5 =7 TeV, Iyl <0.5

£ == VoM Class |, (dN_/dn) =21.3
- F=—] VoM Class X, (dN  /dn) =2.3
(VOM Multiplicity Classes)

PP

T IIIIIII T T IIIIIII

:_ ALICE p-Pb fsNN =5.02TeV,0< Y oms < 0.5
F=— 0-5%, (dN_/dn)=45.1

C = 60-80%, (aN, /dn) =98

(VOA Mult. Classes - Pb side)

I ALICE Pb-Pb szN =276TeV,lyl<0.5

F=— 0-5%, (dN_,/dn) = 1601.0
F==— 60-80%, (dN /) =555 3

O + o
A
3 e

10

1 10

1 10
P, (GeV/ce)

= Similarities also seen in strangeness measurements
= behavior in A/K% ratio for all systems a function of

N, only

Baryon-to-meson ratio
o
[«

o—»
« 0 PP p-Pb
T I T 1T 171 I T 1T 171 I T 1T 171 I L. I L] L] T T I T I
pp, Vs =5TeV
lyl<0.5 ALICE Preliminary
p-Pb, s\ =5.02 TeV
0
—=— Ag/D -0.96<y, _<0.04 -

pp, Vs=7TeV 0
lyl <0.5 - A;/D

—o— A/K, PRL 111 (2013) 222301
—e— p/n, PLB 760 (2016) 720

—o— A/K, PLB 728 (2014) 25-38 |
—e— p/x, PLB 760 (2016) 720

0
p; (GeV/c)

= Also present in the charm sector

= Universality remains a theoretical challenge

Emergent phenomena in high-density QCD matter at the LHC and beyond
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Emergent QCD phenomena versus effective descriptions

Process-based, QCD-inspired explanation | Statistical mechanics-based or effective description

Strangeness enhancement Color rope formation Canonical suppression

Long-range correlations,

. String shovin Hydrodynamical evolution / expansion
baryon-to-meson ratios 8 § 7 7 P

* These do not exclude each other — the ideal scenario would be a ‘grand unification’

s there a QGP in small systems? |— an outdated question

s there more in small systems than we originally thought! | — Yes! Can we define the QGP more precisely?

* Emergent phenomena of QCD:'more is different’ [ | ]

A concerted effort to understand transition between regimes:
* A hadron-hadron collider — very high-density phenomenology
* An electron-hadron collider — fundamental building blocks + onset of emergence

[ 1] More Is Different. PVW. Anderson. Science, New Series,Vol. | 77, No. 404/. (Aug. 4, 1972)

Emergent phenomena in high-density QCD matter at the LHC and beyond 17
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Multi-charm baryons: from low to
high density QCD

Charm production in general: almost exclusive to hard
scatterings due to large mass (~ 1275 MeV/c?)
Formation of 227, Qf., QfkL: extremely unlikely in single
parton scattering (unlike e.g. /)

| SHM (Andronic et al, JHEP 2021, 35)
—@—— pQCD SPS (Chen et al, JHEP 2011, 144)
—%—— pQCD SPS (Phys. Rev. D 57, 4385)

< 10°%F =
ZT; - Single -
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\ = . jum
< F Scattering 5
=10 oy : 3
oo b s B ]
107 E
107F E
L o ‘. _
10 ? , @ -Q-Ckct s
10—8_I 1 Isl_l ______ 1 ___I_ 111 III| 1 1 1111 II| 1 1 | | I_
1 10 10°
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Multi-charm baryons: from low to
high density QCD

Charm production in general: almost exclusive to hard
scatterings due to large mass (~ 1275 MeV/c?)

Formation of 227, Qf., QfkL: extremely unlikely in single
parton scattering (unlike e.g. |/\)

Multi-parton interactions and multi-charm: multiple charm
quarks combine into hadrons

| SHM (Andronic et al, JHEP 2021, 35)
—@—— pQCD SPS (Chen et al, JHEP 2011, 144)
—%—— pQCD SPS (Phys. Rev. D 57, 4385)

< 107 =
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=10 oy 3
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107¢ E
107F E
107 o -

= ¢ (e 3
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Multi-charm baryons: from low to
high density QCD

Charm production in general: almost exclusive to hard
scatterings due to large mass (~ 1275 MeV/c?)

Formation of 227, Qf., QfkL: extremely unlikely in single
parton scattering (unlike e.g. |/\)

Multi-parton interactions and multi-charm: multiple charm
quarks combine into hadrons

In nuclear collisions:
e High density of charm quarks leads to much larger
multi-charm population
* Described by SHM (g.) and coalescence

* Enormous dynamic effect!

| SHM (Andronic et al, JHEP 2021, 35)
—@—— pQCD SPS (Chen et al, JHEP 2011, 144)
—%—— pQCD SPS (Phys. Rev. D 57, 4385)
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10‘6;— ----------------------------- —
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107 collisions E
10—8_IIII| | | IIIIII| | | IIIIII| | | IIIII_
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SCCgme ®°
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e\ b ° e
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UNICAMP

ALICE 3:a next-generation

Tracker—/
RICH—— “—— ECal

Muon
chambers

experiment for the 2030s

* All-silicon, large-acceptance tracker
* High rate: 5x bigger luminosity, exploit LHC
« Momentum precision of o, /p ~1%
e ~10% X, overall material budget
» State-of-the-art particle identification
* Silicon-based TOF and RICH
* Muon identification
* Very high vertexing precision
* First layer at 5 mm from interaction point
* |mpact parameter resolution:
e ~|0 um at pr ~200 MeV/c
e ~3umatpr > | GeV/c

Emergent phenomena in high-density QCD matter at the LHC and beyond
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_____

via multi-charm baryon measurements

Heavy-flavour quark thermalisation

A
oY

UNICAMP

ALICE 3:a next-generation experiment for the 2030s

* All-silicon, large-acceptance tracker
* High rate: 5x bigger luminosity, exploit LHC
« Momentum precision of o, /p ~1%
e ~10% X, overall material budget
» State-of-the-art particle identification
* Silicon-based TOF and RICH
* Muon identification
* Very high vertexing precision
* First layer at 5 mm from interaction point
* |mpact parameter resolution:
e ~|0 um at pr ~200 MeV/c
e ~3umatpr > | GeV/c

ewsed uoniS->pend) Yy Jo UOISSIWL eURY |

Muon
hamb :
\ Tcoim o The heavy flavour angle: new frontier
N e beyond simple thermalization
S A Xr Required: new experimental techniques

RICH—— “—— ECal
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The role of silicon TOF

ALICE 3 Simulation
6-prong £ /decay

—++ = +
é‘"’é Bo > B¢ + 1 ,
oy — o) Ol
Se T4 +2m henomena in high-density QCD matter at the LHC and beyond



. ,,'_...\\. . \ |
(@) ! | : |
AR F Aucm The role of silicon TOF

!

6-prong E&F decay ¢ |
/ (ON

>\;

ALICE 3 is expected to use state-of-the-art silicon time-

of-flight detectors with 20 ps precision

e 20 ps =6 mm/c
Silicon TOF: a major new technological frontier!

TOF identification for = decay products
Expected time of arrival should be calculated

candidate-by-candidate
t =1/v calculated for each of the = products

Primary pions and protons arrive earlier than those
from =: heavy particles travel slower!

* Don'tjust select Tt and p...
....select T and p that arrived late!

g =++ =+ +
é‘"’é Scc e +7 N
Y ——————— - —_
Se TS + 2m henomena in high-density QCD matter at the LHC and beyond 20
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[

 ALICE 3 Simulation
=&t /decay

o-prong

- Correct species signal
———— Inner TOF selected

- Inner TOF selected signal

= ——— Allcandidates
———— Correct species

b
|

ALICE 3 Study

Full simulation, pp Vs = 14 TeV
Very open selection criteria

Correct daughter species
Timing-based selection

Srgeo 11 1 I

1 | | |
1.34 1.36 1.38

Mass (GeV/c?)

[1]

———

—_—
-
—
_—

—++ = +
e D Ec T

= —_— +
—c -5+ 2T henomena in high-density QCD matter at the LHC and beyond

The role of silicon TOF

ALICE 3 is expected to use state-of-the-art silicon time-
of-flight detectors with 20 ps precision

e 20 ps =6 mm/c

* Silicon TOF: a major new technological frontier!

TOF identification for = decay products
* [Expected time of arrival should be calculated

candidate-by-candidate
 t=1/v calculated for each of the = products

* Primary pions and protons arrive earlier than those
from =: heavy particles travel slower!

Don't just select 1t and p...
e ...select wand p that arrived late!
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I
N ALICE 3 Simulation
Bpreng E};F decay

o 4-prong
N (high 'Puri’cgj)
\\\ n_
A
Tt Strangeness tracking
‘MHz bubble chamber’
=r 4+t

Count Normalized to Maximum

Strangeness tracking:
A Mhz-era bubble chamber technique

T rr T T
[ ALICE 3 Study (Layout v1)
" Hybrid Simulation

PN —
-
R

2I" Pythia pp Vs = 14 TeV + GEANT3 ~
[ —— = Primary }
[ EZ (ct ~137 um) ]
| Eg;’ (e ~77 um) Primary (to reject) .

1 From multi-charm —_

100
g~ DCA,, to PV (um)

+ isolate HF secondaries
— decisive in multi-charm analyses

= —_— +
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Significance

=17 A taste of analysis

J/

10 =

Significance = 5

—e— =7 BDT-optimised

—e— = ! standard

ALICE 3 Study
Pb-Pb 0-10% PYTHIA
Full acceptance over |n|<4.0

107"
Particle + antiparticle
L, =35nb"

Sy
P, (GeV/c)

o
N
N
(o))
(0 0]

Expected E1F invariant mass distributions with 35 nb-
of Pb-Pb data collected with ALICE 3

)
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- —++ _
% 2000 oM .
s . ! ALICE 3 Study I
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- +
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800353 5458 T he 57 88 89 4 4i 42
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> C — -
© 00F + - E
S 3800f + ALICE 3 Study 3
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o . pr>4.0GeVic -
LAt MV&%,»,..».,‘W.» ot W’OW“MM ~\.w-~\’10’.o 'w e
C111 1 I | - I 1111 I 1111 l 1111 l 1111 I 1111 I 1111 I 1111 l 1111

2 33 34 35 36 37 38 39 4 41 42
=i+ mass (GeV/c?)

=TS TY ST PrC T TUMT IS I I T TNY MU S T Ity ST weatter at the LHC and beyond

22



A polarization: measuring vorticity in QCD matter

§ I Au+Au 20-50% 1
—8r Ho A this study a STAR Collaboration,
T | @ A this study |
& 4 A PRC76 024915 (2007) Nature 548, 62 (20 | 7)
6~ O A PRC76 024915 (2007) |

— Lower energy advantageous:
Stronger effects!

2__ Q% ] — also an indication of
I $$ $ , exciting new possibilities!

1 I B _|
Firstohservation / I L | | | L ! |
of fluid vortices - =3 2
formedby heavy- e ! 10 10
ion collisions N \ SNN (GeV) y
z X

“CLINATE CHANGE [BO0KS | STEMCELLS
SUMMER YOUTHFUL

Timejfor nati c Recommey
Words i 3
PAGEZS
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Using A polarization to understand QCD matter

Jet
quenching

Hot QCD
medium

Parton-parton scattering forms jets
Classical nucleus-nucleus collision
phenomenon:’jet quenching when partons

travel through medium

24
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Using A polarization to understand QCD matter
2

] /%A
| Ve

- \Vortical

- i’ ———— structure
e P Unquenched jet Hard
P interaction

Partially
quenched jet

v
Jet\9N
quenching

Hot QCD
medium

* Interaction with the medium creates local vorticity!
* Similar to “smoke rings” — QCD matter rings
* (Can be measured with A polarization around jet

Parton-parton scattering forms jets
structures after system evolved [ | ]!

Classical nucleus-nucleus collision
phenomenon:’jet quenching when partons

travel through medium [ITW.M. Serenone, |.G.P Barbon, D.D. Chinellato, M.A. Lisa, C.

Shen, J. Takahashi, G. Torrieri, Phys. Lett. B 820 (2021) 136500

Emergent phenomena in high-density QCD matter at the LHC and beyond



Using A polarization to understand QCD matter
)
/

2¥s

Vortical
structure

interaction S

“J
-

Partially
quenched jet

\\\
Jet\¥
quenching

Hot QCD
medium

* Interaction with the medium creates local vorticity!
* Similar to “smoke rings” — QCD matter rings
* (Can be measured with A polarization around jet

Parton-parton scattering forms jets !
structures after system evolved [ | ]!

Classical nucleus-nucleus collision
phenomenon:’jet quenching when |

travel through medium [ITW.M. Serenone, |.G.P Barbon, D.D. Chinellato, M.A. Lisa, C.

Shen, . Takahashi, G. Torrieri, Phys. Lett. B 820 (2021) 136500
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A polarization from thermalized jet energy

ns =0, 7=030fm/c

2.0 * We define a"ring polarization™ observable:
/" (w,ur) = (0.7, 0.7)| || 1-00
L5f ) A DA momentum
0.75 =t ﬁA . (tX ﬁA) EA L
G R = ~ P, : polarization
1.0 _050 It X ﬁAI pr,y A, .
t: et axis
E TR e——————— n
< 00r s 10.00 3 0.30 ' ! ' ! ! '
B : ' w 0.25 — Ideal hydro n/s =0.16
—0.5} e - - 0.25F —om- n/s = 0.01 n/s=024
-0.50 = g = 008
~1.0} . . .
0-20F |y < 0.5, 0.5 < pr < 3.00 GeV/c First evidence .ijlet
_15h -0.75 energy thermalization
' ' ium!
-1.00 GG
_-) 1 L L 1
aly -1 0 1 2 '
= (fm) + Bonus: extremely
. . _— » sensitive to medium
* Simulated via an initial deposition of energy and R
momentum in a fluid
* Evolution modeled via 3D relativistic hydrodynamics ~
3

(MUSIC) at LHC energies

(p — ;) (rad)
View the video at: https://www.sciencedirect.com/science/article/pii/S037026932 1004408%via%3Dihub
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A polarization: other possibilities

Further studies: interact with cold nuclear matter? Differences?
* Understand energy loss: partonic!? Hadronic? Limits?

State-of-the-art modeling and computing required!
* ...to find further key signatures that, in turn, require state-of-

the-art detectors to be measured!

* Experimental requirements:
 excellent particle identification capabilities,
* high luminosity,
* high acceptance,
 different (non-LHC, much stronger signal) energies

* Proton-nucleus collisions: local vorticity induced
from interactions while going through nucleus
* Similar signature (but forward in rapidity)
...and beyond!

T E.g. timing detectors with O(10ps) resolution are important for
weak decays: selection on pions and protons arriving too late for
being primary particles provide unparalleled performance

[T M.A. Lista, ].G.P Barbon, D.D. Chinellato, W.M. Serenone, C. Shen,
J. Takahashi, G. Torrieri, Phys. Rev. C 104,01 1901 (2021)

Emergent phenomena in high-density QCD matter at the LHC and beyond
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Future studies of QCD matter: the EIC

Out-of-medium
* Electron-ion collisions: single initial scattering, products travel through nucleus hadronization

* Initial parton energy can be inferred by kinematics

Probing hadronization in-medium and out-of-medium Y -
* can be done cleanly at the Electron-lon Collider (EIC) y Odfi%\g. h
e

Produced parton (heavy!) flavour inferred from particle identification
* The role of heavy flavour: easy to tag!

* Angular momentum: a new dimension to understand h
* Also relevant for understanding nuclear spin - @
* QOutgoing hyperon polarization could be interesting . «.@;’
c/b
e ...Joanswer:

* Does a parton hadronize inside the nucleus!?

* How does charm and beauty hadronize?

* How does that depend on energy? Traveled path? System size!? In-medium
— towards fundamental ‘microscopic’ knowledge of hadronization hadronization

Emergent phenomena in high-density QCD matter at the LHC and beyond 27



Summary and outlook

* We understand a lot about hot and cold QCD matter already, but ...
...there is much more to learn!

— Hadronization of heavy flavour and jet universality?
— Importance of nuclear structure?

— Angular momentum in QCD matter and in the nucleus?

State-of-the-art detectors and techniques
— pave the way to state of the art physics!

Thank you!




Backup
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Baryon to meson ratios: strangeness + charm

ALICE, Phys. Rev. C 9

9,024906

F ALICE pp Y5 =7 TeV, Iyl <0.5

£ == VoM Class |, (dN_/dn) =21.3
- F=—] VoM Class X, (dN  /dn) =2.3
(VOM Multiplicity Classes)

3 A/K%  pp

T IIIIIII T T IIIIIII

:_ ALICE p-Pb fsNN =5.02TeV,0< Y oms < 0.5
F=— 0-5%, (dN_/dn)=45.1

C = 60-80%, (aN, /dn) =98

(VOA Mult. Classes - Pb side)

I ALICE Pb-Pb szN =276TeV,lyl<0.5

F=— 0-5%, (dN_,/dn) = 1601.0
F==— 60-80%, (dN /) =555 3

O + o
A
3 e

10

1 10

1 10
P, (GeV/ce)

= Similarities also seen in strangeness measurements
= behavior in A/K% ratio for all systems a function of

N, only

Baryon-to-meson ratio
o
[«

0.2

o—» <
< 0 pPp p-Pb
T I T 1T 171 I T 1T 171 I T 1T 171 I L. I L] T T T I T I
pp, Vs =5TeV
lyl<0.5 ALICE Preliminary
p-Pb, s\ =5.02 TeV
—a— AYD" Ac/ DO -0.96 <y, _<0.04 -

pp, Vs=7TeV 0
lyl <0.5 - A;/D

—e— A/K, PLB 728 (2014) 25-38 |
—e— A/KY, PRL 111 (2013) 222301 —e— p/m, PLB 760 (2016) 720

—e— p/n, PLB 760 (2016) 720

5 10 15 20 ) 5 10 15 20
p; (GeV/c)

= Also present in the charm sector

= Universality remains a theoretical challenge
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he global polarization measurement

L
4
_..-:'.'f ............. P Orbital momentum is perpendicular to the reaction plane
: 0* (opposite direction to y-axis - defines the polarization sign)
—Ps b Angular distribution in the particle’s decay rest frame:
: 4 beam direction (z) N
Q
£ —— ~ 140y, Pycos0”
AR / d cos@
> y
Estimate particle’s spin direction from self analysing weak decay
A—->p+a~ For A: o, =0.732/-0.758 (updated PDG value in 2020)

(BR: 63.9%, c T~7.9 cm)
Global polarization observable

i o Py= ——(sin(¥ - ¢7))
pt H T(_aH RP )%

e Observable reflects Py projection of the polarization
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Small systems: future measurements at the LHC

= [ ALICE Upgrade projection ] 3. [HLLHC Prolecion o-Pb * ALICE 3: new detector at LHC P2:
F Multiplicity slicing with mid-rapidity estimator N T ) p i | th |
& 0.20L_ ALICE L, =500 nb' 0-20% silicon tracker witnh large acceptance
- 'y - ® (cb)—>ein126<y <004 °
+|c;} 10° L .. - | ® Inclusive J/y in-446<y _<-2960r203<y__ <353 Emergent QCD phenomena part Of
- e ]
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