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The phase diagram of QCD
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Reconstructed heavy-ion collision

|ETS.
[

Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb
Energy: 5.02 TeV

ALICE@LHC central Vsyy=5.02 TeV Pb+Pb collision
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Probing the QGP

"Hard" processes

I/ -
= few, high-momentum particles g ” k
= early production in well-known pQCD processes q q 5
= high permeability g{
= Tomography of the sQGP, modification in the ' o
medium ‘({."

p+p A+A
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Probing the QGP

"Hard" processes

few, high-momentum particles

q
= early production in well-known pQCD processes q q gﬂ,
= high permeability g{
* Tomography of the sQGP, modification in the o
medium ‘({."
p+p A+A
Reaction Zf

plane
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"Soft" processes

Many, low-momentum particles
"= From the later stages
" Thermal behavior

= Collective dynamics (“flow”)
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Small collision systems

* High-multiplicity pp collisions:
similar signatures to those observed
in heavy-ion collisions where the
formation of a quark-gluon plasma
(QGP) is expected:
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Small collision systems

* High-multiplicity pp collisions:
similar signatures to those observed
in heavy-ion collisions where the
formation of a quark-gluon plasma

(QGP) is expected:

* Strangeness enhancement
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Ratio of yields to (n+m)
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Nature Phys. 13 (2017) 535
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Small collision systems

* High-multiplicity pp collisions: Nature Phys. 13 (2017) 535
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Small collision systems
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High-multiplicity pp collisions:
similar signatures to those observed
in heavy-ion collisions where the
formation of a quark-gluon plasma
(QGP) is expected:

Strangeness enhancement

Long-range multiparticle correlations,
“fIOW”

Is there a quark-gluon plasma in
pp collisions?

Or are vacuum-QCD effects
responsible for this behavior

Ratio of yields to (n+m)
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Nature Phys. 13 (2017) 535
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Collective system from a single parton?

* Small collision systems exhibit collectivity
* |s there similar collectivity in a single jet?

|dea: in the jet frame the particle shower is similar to bulk physics
A. Baty et al., Phys.Rev.C 107 (2023) 6, 064908

Jet frame (jr,®*,n%)

* | perpendicular to
jet axis (z*)

* @~ is the azimuth
around z*

* nN* represents the

angle with z*
R. Vértesi — QGP-like effect in jets 11
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CMS angular correlations in the jet frame

CMS 138 fb™" (pp 13 TeV)
<N.,> =101 _ Anti k;R=0.8
Top 0.0023% highest-N_, jets p';f' > 550

<16

= CMS measured angular correlations, to deduce intra-jet
azimuthal anisotropy (v2*, elliptic flow)
" Phys.Rev.Lett.133(2024)14,142301
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CMS angular correlations in the jet frame

= Substantial v»>* is seen

= For low and medium jet
multiplicity (N'x), the trend is
well understood by models

2 m*®i<1.6

CMS
A- B 0.5<j <3.0GeV
. . —e— DATA
- " —— PYTHIA

------ SHERPA

IAN*l > 2
_ Anti-k;R=0.8

p* > 550 GeV

20 40 60 80 100
N

ch

Phys.Rev.Lett.133(2024)14,142301
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CMS angular correlations in the jet frame

= Substantial v,* is seen

* For low and medium jet
multiplicity (Nk), the trend is
well understood by models

= A high-Nk, increase is present

compared to predictions
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CMS
B 0.5 ::j_l_ < 3.0 GeV
. . —e— DATA
— —— PYTHIA

2 m*®i<1.6

IAN*l > 2

| Anti-k;R=0.8

p* > 550 GeV

------ SHERPA
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Phys.Rev.Lett.133(2024)14,142301
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process

2) Parton shower
3) Hadronization
4) Decays

Comput.Phys.Commun. 191 (2015) 159-177
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process
2) Parton shower
3) Hadronization
4) Decays

(O Hard Interaction

#® Resonance Decays
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process
2) Parton shower
3) Hadronization
4) Decays

(O Hard Interaction
#® Rescnance Decays

B MECs, Matching & Merging
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B Weak Showers
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Strings

[ Ministrings [/ Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

W Secondary Hadrons

B Hadronic Reinteractions

{*:incoming lines are crossed)




PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process
2) Parton shower
3) Hadronization

(O Hard Interaction
#® Rescnance Decays
4) DeCays B MECs, Matching & Merging
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B Hard Onium
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O Beam Remnan ts*

Strings

[ Ministrings [/ Clusters
Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
M Primary Hadrons
W Secondary Hadrons
B Hadronic Reinteractions
{*:incoming lines are crossed)




PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process

2) Parton shower
3) Hadronization
4) Decays
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PYTHIA 8

= A MC event generator, simulating the full evolution of the collision

1) Hard process
2) Parton shower
3) Hadronization

4) Decays

+ Multi-parton interactions

P
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PYTHIA: Hadronization

* Lund fragmentation
* Color field between quarks: flux tube
* Breaking with quantum tunnelling into
a chain of hadrons

z: Light-cone momentum fraction

2
f(z) X 1(1 — Z)a’ exp (W) mr: Transverse mass
A <

a, b: Tuning parameters
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21



PYTHIA: Hadronization

* Lund fragmentation
* Color field between quarks: flux tube
* Breaking with quantum tunnelling into
a chain of hadrons

z: Light-cone momentum fraction

1 bm?
f(z) oc —=(1— Z)a’ exp Wty myp: Transverse mass
2 z
a, b: Tuning parameters

* Thermodynamical string fragmentation 5
* Hadrons produced with Boltzmann-like P(E) o exp (—f)
probability
* Mimics thermalized hadron production

T "Temperature" parameter (~170 MeV typical)

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets 22



PYTHIA: Color reconnection

= Color flow is not traced during hadronization
* Different color connections may be possible
between a set of quarks

= “Afterburner” step: color reconnection
* Minimizes overall color string length A

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets
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PYTHIA: Color reconnection

= Color flow is not traced during hadronization
* Different color connections may be possible
between a set of quarks

= “Afterburner” step: color reconnection
* Minimizes overall color string length A

1) MPIl-based model
* tests possibilities within range r

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets
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PYTHIA: Color reconnection

= Color flow is not traced during hadronization
* Different color connections may be possible
between a set of quarks

= “Afterburner” step: color reconnection
* Minimizes overall color string length A

1) MPIl-based model
* tests possibilities within range r

2) QCD-based CR scheme
(beyond leading color approximation)
* Tests all possibilities allowed by SU(3)color
* Color junctions enhance baryon production

 JHEP 08 (2015) 003
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Simulations: models

= PYTHIA 8 was used to explore signiatures of collectivity within jets
* Multi-parton interactions (MPI) off to suppress the underlying event
* Monash tune: established from early LHC data, succesfully
describes many observables, includes Lund fragmentation

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets
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Simulations: models

PYTHIA 8 was used to explore signiatures of collectivity within jets

* Multi-parton interactions (MPI) off to suppress the underlying event

* Monash tune: established from early LHC data, succesfully
describes many observables, includes Lund fragmentation

* Further model settings were explored
* QCD-scheme color reconnection with default settings (CR-QCD), as
well as CR-BLC mode 2 that is tuned to describe heavy-flavor
baryon sector: allow for color string junctions
* Thermodynamical string fragmentation

with and without close packing
(more constrained placing of partons before break-up into hadrons)

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets 27



Simulations: validation on minimum-bias data

107
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Simulations: validation on minimum-bias data
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232 .35

=107

3,

- =
. S
i)

1IN, & N/(dydp_)
]

FPY
RS

THIA 8 pp ¥5=13 TeV [n|<1

o
s

Monash
= = Thermadyn. CR-MP|
= = = = Monash CR-GCD
CR-BLC mode2
+ Thermadyn. CR-QCD

O ALICE []<0.5 (LF), [y]<0.5 {HF}
EPJ C &1 {2021} 256
PAL 128 (2022) 012001

P, (GeV/c)

Light particle yields are generally well-described by Monash

R. Vértesi — QGP-like effect in jets
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Simulations: validation on minimum-bias data

Monash QO ALICE |ip|<0.5 (LF}, |v|=<0.5 {HF}
102 F PYTHIA 8 pp f5=13 TeV |f|<1 [ = = Thermodyn. CR-MP| r EPJC 81 (2021} 256
meaas - = = - Monash CR-QCD PAL 128 (2022) 012001
10 LEESay 1 Foveeees CR-BLC mode2 1

+ Thermadyn. CR-QCD

il il il il il

= Light particle yields are generally well-described by Monash
= Strange baryons are better described by thermodinamical fragmentation with close packing
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Simulations: validation on minimum-bias data

Moniash © ALICE [n]<0.5 (LF), [y|<0.5 {HF)
1025 I PYTHIA 8 pp 15=13 TeV |nj<1 F | — — Thermadyn. CR-MPI . EPJ C &1 (2021) 2586
10 s == = - Monash CR-QCD PAL 128 (2022) 012001
r JHRE0a, 1 e CR-BLG mode2 1
1 F ——  Themodyn. CR-QCD
0k
102k

P, (GeV/c)

= Light particle yields are generally well-described by Monash
= Strange baryons are better described by thermodinamical fragmentation with close packing
= Charmed hadrons are best described by the CR-BLC tune
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Simulations: jet reconstruction

1/N,,, dN/dn*
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10°E v CR-BLC mode2
of R=0.8 anti-k;
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= Jet reconstruction: anti-kr algorithm and R=0.8, p+* > 550 GeV/c

Ni‘ch

10¢

—
9
|

PYTHIA8 pp (s=13 TeV
¢  Monash (MPI:off)
=  Thermodyn. CR-QCD
+  Monash CR-QCD
v CR-BLC mode2
R=0.8 anti-k;

* Jet multiplicities and n* distributions are relatively uneffected by the
choice of model
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Results: baryon-meson ratios vs. jr

Monash (MPI:off)
(p+P)/xt ratio

Thermodyn. CR-QCD

PYTHIAS pp ys=13 TeV |

R=0.8 anti-k;

Monash CR-QCD

CR-BLC mode2

0<N. <20
20<N, <40
40<N,, <60
60<N,,,<80
80<N, <100

004 mf

"
100<H,, <120

PP 2025 Dresden/Gorlitz

20 2530 35 40 4550 5 10 15 20 25 30 35 40 45 5)
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[T PIE PV O PP TP PP P |
10 15 20 25 30 35 40 45 5(

Baryon-meson ratios as a function of
jr, different Nlsh ranges
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Results: baryon-meson ratios vs. jr

Monash (MPI:off)

(p+P)/=* ratio Thermodyn. CR-QCD Monash CR-QCD CR-BLC mode2
PYTHIA8 pp Ys=13 TeV

Baryon-meson ratios as a function of
s 1, different Nig, ranges

* In the light-flavor sector, trends are
similar for all models

0.014f =
P m 0<N,,, <20
0012 Q12K ratio q]{,. 4 20« c;.hcn<40 L
.01k - el v 40<N,, <60
o 60<N, <80
0.008f- i E
O 80<N, <100
0008 3 4 100<N, <120 |

Ll L
5 10 15 20 25 30 35 40 45 5

J. (GeVic)
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Results: baryon-meson ratios vs. jr

045t Monash (MPI:off) 3 3 3
0.4 (p+P)/xt ratio 3 Thermodyn. CR-QCD | Monash CR-QGD b CR-BLC mode2

iﬁié R : Baryon-meson ratios as a function of
: jt, different Nis, ranges

* In the light-flavor sector, trends are
similar for all models

* NYKs®: grouping into low-Nii, and high-Niq,
curves

m O<N. <20 3
4 20<N <40 |
¥ 40<N,, <60 L
o B0<N, <80

] O 80<N <100 |
4 3 4 100<N,, <120 |

J, (GeVic)
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Results: baryon-meson ratios vs. jr

045t Monash (MPI:off)

Thermodyn. CR-QCD i
PYTHIA8 pp {s=13 TeV |

Monash CR-QCD

CR-BLC mode2

2 ok =K

.« 20N <d0 |
v 40<Ni, <60 |
o B0N/<B0 |
O 80<N <100

- 100<b <120 |

L] 0<N 20

0 5 10 15 20 25 30 35 40 458 5 10 15 20 2530 3540 45 50 5 10 152025 30 3540 45 5) 5 10 15 2025 3035 4045 5(

PP 2025 Dresden/Gorlitz

R. Vértesi

Baryon-meson ratios as a function of
jr, different Nlsh ranges
* In the light-flavor sector, trends are
similar for all models
* NYKs®: grouping into low-Nii, and high-Niq,
curves
* N/DC: if color junctions are allowed, a
characteristic low-jr enhancement is
present that gets stronger with
multiplicity; this is similar to pr-dependent
enhancement of charmed baryons in

minimum-bias data
ALICE, Phys. Rev. C 107, 064901

— QGP-like effect in jets 36



Results: baryon-meson ratios vs. N

0.08
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o
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Jr-integrated baryon-to-meson ratios as a sooet
function of Nig, for different models
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jr-integrated baryon-to-meson ratios as a
function of Ny, for different models

PYTHIAS8 pp Vs=13 TeV
R=0.8 anti-k;

* Thermodynamical string fragmentation
presents a rising trend, contrary to Lund
fragmentation results: indicates a relative
baryon enhancement with increasing N,

— Monash (MPlofffy — = Thermodyn. string frag,

- - - QCD-scheme CR CR-BLC mode2

o
o
=]
S
| LA LA
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Results: baryon-meson ratios vs. N

jr-integrated baryon-to-meson ratios as a
function of Ny, for different models

* Thermodynamical string fragmentation
presents a rising trend, contrary to Lund
fragmentation results: indicates a relative
baryon enhancement with increasing N,

* For QF there is a fivefold increase in
Thermodynamical string fragmentation
compared to other models

PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets
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Results: baryon-meson ratios vs. N

0.08

o
o
<
I

jr-integrated baryon-to-meson ratios as a Lo

function of Nis, for different models N B

* Thermodynamical string fragmentation 1
presents a rising trend, contrary to Lund 28 e — e s
fragmentation results: indicates a relative T
baryon enhancement with increasing Nic,

* For Q¢ there is a fivefold increase in wst —_____
Thermodynamical string fragmentation
compared to other models

* Models including color junctions show a
constant rising of the A;*/D° ratio with N,
PP 2025 Dresden/Gorlitz R. Vértesi — QGP-like effect in jets




Results: effect of close packing on B/M vs. N;

0.08¢

jr-integrated baryon-to-meson ratios as a oy T————
function of Nig, for different models B

PYTHIAS pp {s=13 TeV
R=0.8 anti-k;
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* No color junctions allowed e
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- - - Thermodyn. w/o ClosePack
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Results: effect of close packing on B/M vs. N;

jr-integrated baryon-to-meson ratios as a
function of Ny, for different models

PYTHIAS pp {s=13 TeV
R=0.8 anti-k;

* No color junctions allowed

— Monash (MPI:off)
— Thermodyn. with ClosePack
- - - Thermodyn. w/o ClosePack

* Increasing trend can be partly attributed to
close packing of color strings

(Close packing: more constrained placing of
partons before break-up into hadrons) S0
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Conclusions

Structures in jr

" The proton-to-pion and the AYKs° ratios show low-high multiplicity grouping trend for j:>5
GeV/c, possibly reflecting the flavor of the jet-initiating parton.

* The NYKs?and =*/Ks° ratios show a bump structure reminiscent of the radial flow-like effects
observed in the pr spectra as a function of the inclusive charged particle multiplicity
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Conclusions

Structures in jr

" The proton-to-pion and the AYKs° ratios show low-high multiplicity grouping trend for j:>5
GeV/c, possibly reflecting the flavor of the jet-initiating parton.

* The NYKs?and =*/Ks° ratios show a bump structure reminiscent of the radial flow-like effects
observed in the pr spectra as a function of the inclusive charged particle multiplicity

Thermodynamical string fragmentation with close packing

= Continuous increase of the p/1, A%Ks® and =/Ks° ratios with increasing Nis.. Effect gets reduced
with the increase of the s-quark content, probably because of phase-space constraints

* The thermodynamical string fragmentation model shows a strong enhancement of the Q*/Ks°
compared to other models

* The enhancement trends are related to close packing of color strings
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Conclusions

Structures in jr

" The proton-to-pion and the AYKs° ratios show low-high multiplicity grouping trend for j:>5
GeV/c, possibly reflecting the flavor of the jet-initiating parton.

* The NYKs?and =*/Ks° ratios show a bump structure reminiscent of the radial flow-like effects
observed in the pr spectra as a function of the inclusive charged particle multiplicity

Thermodynamical string fragmentation with close packing

= Continuous increase of the p/1, A%Ks® and =/Ks° ratios with increasing Nis.. Effect gets reduced
with the increase of the s-quark content, probably because of phase-space constraints

* The thermodynamical string fragmentation model shows a strong enhancement of the Q*/Ks°
compared to other models

* The enhancement trends are related to close packing of color strings

Heavy flavor with QCD-scheme CR

= A/D° shows an increase at low jr with increasing Nig, for the Lund string fragmentation model.
The effect is similar to the multiplicity-dependent A;*/D°as a function pr reported by ALICE.
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Charm baryon enhancement

ALICE Phys Rev Lett 128 (2022) 012001
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Charm baryon to meson ratios: sensitive probes of fragmentation
A/D° and £ /D underestimated by models based on factorization approach with fragmentation

functions from ee collisions: HF fragmentation universality broken!

PYTHIA 8 CR-BLC: strin dg formation beyond leading color approximation
Christiansen-Skan HEP 08 (2015) 003

feed-down from augmented set of charm-baryon states
He-Rapp, Phys. Lett. B 795 (2019) 117

Catania: fragmentation + coalescence of charm and light quarks
Plumari et al., Eur. Phys. J. C 78 no. 4, (2018) 348

QCM: coalescence model based on statistical weights + equal quark-velocity
Song-Shao, Eur. Phys. J. C 78 no. 4, (2018) 344
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Results: double ratios

Normalized jr-integrated baryon-to-meson
ratios as a function of Ni., for different models

Varied input B/M ratios

Ratios normalized to the first point

Trends for all the B/M ratios are the same, just
the normalization changes

Input B/M ratios do not have a direct effect on
multiplicity-dependent baryon numbers
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PYTHIAB pp {5=13 TeV
R=0.8 anti-k;

P sl

—— Monash — - Thermal B/M=0.1
- - -. Thermal BIM=0.2  -----. Thermal B/M=0.36(def.)
— - Thermal B/M=0.7
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