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QCD phase diagram

® Hot QCD emergent dynamics at reach in collider experiments!

h‘
gt o »
- L

Quark-Gluon,Plasma
- ’{. i

)
S
-
-+
©
-
()]
Q.
5
—

® Critical =D

point? e ©
FAIR (Gegnz’my)
= MNCA (Russia)

RHIC

S Atomic nuclei Neutron stars

Baryon density (p)

Carlota Andrés 2



QCD phase diagram

® Hot QCD emergent dynamics at reach in collider experiments!

h‘
gt o »
- L

Quark-Gluon,Plasma
- ’{. i

)
S
-
-+
©
-
()]
Q.
5
—

® Critical =D

point? e ©
FAIR (Gegnz’my)
= MNCA (Russia)

RHIC

S Atomic nuclei Neutron stars

Baryon density (p)

Carlota Andrés 2



QCD phase diagram

® Hot QCD emergent dynamics at reach in collider experiments!

Lattice QCD (ugz = 0)
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QCD phase diagram

® Hot QCD emergent dynamics at reach in collider experiments!
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Neutron stars

e At T=0: No Lattice. But we have astrophysics and both particle and
nuclear physics
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- e
outer crust 0.3-0.5 km i i
e ions, electrons 107 40 Po E
& n .
inner crust 1-2 km >:u ,
~&—— electrons, neutrons, nuclei = 10° Q =
< &2 < 5-7pg
Z O
. [ 3 0
outer core ~ 9 km o ’ o 101:_ \g\’ =
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few % electron Fermi gas - 4
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109 =_é° 1 -2 ,00 —
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EFT
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® EoS of the inner core? Upper and lower bound from pQCD and Chiral
EFT + astrophysical measurements (including GW data from binary
neutron star mergers)
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Neutron stars: EoS
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Nattila, Vuorinen, 2303.11356

Number of degrees of freedom

Radii, compactness consistent with deconfined quark matter!
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Hot QCD in colliders
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»
BOOSTER

e *~% i
Relat1v1st1c Heavy Ion Colhder (RHIC) Large Hadron Collider (LHC)
Au-Au collisions Pb-Pb collisions
2010 — 2011 : , /sy = 2.76 TeV
san = 7.7 —200GeV 2011 — 2015 : | /spn = 5.02 TeV
2023 — 2025 : | /Sun = 5.36 TeV
(Also d-Au, He-Au, Cu-Cu, O-0...) (Also p-Pb, Xe-Xe)
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Heavy-ion program
® The LHC does not only collide protons on protons

® One month of running time per year is dedicated to the Pb-Pb program

® Other (lighter) ions runs (O-O) in Run 3
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Heavy-ion program
® The LHC does not only collide protons on protons

® One month of running time per year is dedicated to the Pb-Pb program

5.02 TeV 5.44 TeV 5.02 TeV

® Other (lighter) ions runs (O-O) in Run 3
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Charged hadrons in Pb-Pb
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ALICE, Pb-Pb /5xy = 5.02TeV [Phys.Lett. B772 (2017) 567-577] jOO X Neh In
P-P

small impact parameter ég‘.
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® Data

- central collision

Npar 1/3
—— (1 4 BN

— large impact parameter

- peripheral collision Systematic uncertainties.

Fit variance
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Number of nucleons participating in the collision

Access to multi-body QCD phenomena
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Harmonics

[simplified]

e Spatial anisotropy of the initial state induces momentum anisotropy
in the final state y

¢ Final state anisotropies are measurable

dN =
— o< 1+ ) 2pulpg) cos (n(¢ — )
d(p n=1
Transverse plane of
e Elliptic flow: v, >0 : collective expansion the collision

® Higher harmonics: due to fluctuations in the initial
state
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Harmonics in HICs
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Relativistic hydrodynamics

Solve numerically: 5,7 = 0
Input: EoS Output: extracted
rom data

from Lattice %
Ty = cuypuy + PlEJA ., —
a B B« 2 o, 3

o = ADpaAg(Vou” +Viu™) — gAW/AQBV u-,

AMV — g,uz/ +uuu1/7

+ initial condition

impact parameter

guark-gluon plasma

Pb+Pb, b =8 fm, /s =5 TeV

y (fm)
o

—121

_ig —'6 0 6 12
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=
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Global fits

Bernhard, Moreland, Bass,
Nat. Phys. 15, 1113 (2019)

P2
Water

Helium

T T T I 1
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it
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See also:
Schenke, Shen, Tribedy, Phys. Rev. C 102 (2020) 044905
JETSCAPE,s Phys. Rev. C 103 (2021) 054904
Nijs, van der Schee, Giirsoy,
Snellings, Phys. Rev. C 103 (2021)
054909

Very small #/s: most perfect fluid in Nature

Current focus: increasing precision, reducing systematics, accessing new properties
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https://doi.org/10.1038/s41567-019-0611-8
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Heavy-ion collisions

¢ Dynamical description of heavy-ion collisions from underlying theory
of QCD remains a challenge

e Standard picture based on effective descriptions of QCD exploiting
the clear separation of time scales

initial state

pre-hydrodynamics free-streaming
| | |
| | |
Teoll K ]-fm/C THydro ™~ 1fm/c Tfreeze—out ™~ 10fm/c
7<02fm 02fm<zt<1fm o
Strong QCD  Quasiparticles [Courtesy of S. Schlichting]
fields EKT
CGC

¢ Significant progress on understanding kinetic & chemical equilibration
and incipient phenomenology in the pre-hydrodynamics stages
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Collectivity in small systems

S A _— pp Vs =7 TeV, N> 110 pPb \fsy =502 TeV, 220 < N2 < 260 PbPb \[s. =276 TeV, 220 < N < 260
inBias, 1.0GeV/c<p_<3.0GeV/c

> _
4 - s |&

- <q 213 28
< Zle
< g g 26
~ - o 24 ,;:':3::‘: LSS
= g - 1

s
1<p,<3GeVic -4 1<pr<3GeVic 7 4

CMS, JHEP 09 (2010) 091
[1146 citations!]

® Near-side ridge observed in p-Pb and d-Au by all RHIC and LHC
experiments

® Hydro simulations able to describe the harmonics from these data

® The origin may not necessary be hydrodynamics (pre-equilibrium
effects?)
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https://doi.org/10.1007/JHEP09(2010)091

Collectivity in small systems

Re-analysis of ALEPH LEP2 data

ALEPH e'e”, V5=183-209 GeV ALEPH e'e”, /s=183-209 GeV
N, > 50
Thrust Axis

Inclusive
st Axis

d2Npair
NE™ dAndA¢

2 e 19

1

Chen Lee, Chen, Chang, McGinn, Sheng, Innocenti, Maggi,
arXiv.2309.09874

Data suggest that small systems lacking hadronic initial state effects
could still yield a ridge-like signal
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https://doi.org/10.48550/arXiv.2309.09874

Small systems

e Shorter lifetime: larger sensitivity to pre-hydrodynamization

Hadronization

initial state
& pre-hydrodynamics
L &
L free-streaming
/v' ' " N N # —
: R

%3 A N =|

Tcoll << 1fm/ C Tfreeze—out ~ 1 — 3fm/ C
[Courtesy of S. Schlichting]

e System can fall apart before hydrodynamics start to apply!

Ambrus, Schlichting, Werthmann, Phys. Rev. Lett. 130 (2023)152301

® No jet quenching found in small systems!
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https://doi.org/10.1103/PhysRevLett.130.152301

Hard probes

e Hard probes (Q ~ pr, M) are produced in the initial hard scattering

1 1

Tp ~N—L L Thydro

A)

® > Agcp: their production is perturbative

® () > T: their production is not affected by the medium

Hard Probes

—_—

‘ = pre-hydrodynamics free-streaming
':m . (Y
- — — —
ﬁé%;: l | |
\ | | |

Teoll K lfm/c THydro ™ 1fIIl/C Tfreeze—out ™ 10fm/c

initial state

[Courtesy of S. Schlichting]
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Open heavy flavor

e Hadrons that carry one charm or beauty quark

e At low pr: Brownian motion due to kicks with the medium constituents

* hard production

tum-1/2m, " €-Quark Brownian

diffusion in QGP » hadronization
¢ + q(s) =2 D(Ds)

c+q+q=2A,

« D-meson LCourtesy of Min He]

diffusion in
hadronic liquid

e Flavor preserved — they can be tagged

Focus on understanding heavy quark co-flow with the medium

Carlota Andrés 16



Open heavy flavor

® Due to their large mass, they need to experience many kicks to flow

. a‘ : ' | | | - I | | ' |
s 04 ALICE ly| <0.87
O PbPb 5.02 TeV (0.58 nb™) S [ 30-50% Pb-Pb, sy =5.02 TeV :
g4 ~Prompt D" (PLB 816 (2021) 136253) 3): 0.3-° N°"'p’°mopt D+O . -
'ty <D’ from b hadron decays K5 - 0 ':)’Om:t D ,2:)32,1'31 32(\)/:;899
i i<t oo (PLF e @021) ) ]
O 20 (] Syst. from data 7
O >N : E-E_+$+ g - $’_¢_ Syst. from B feed-down E
== - ‘%}
A AR == ==  p— 0.1 'ﬁjﬂ n .
. 30-50% i % ]
H - 5 10 15 20 25 o ST
P, (GeV/c) 1 =
. . P, (GeV/c)
CMS Collaboration, arXiv:2212.01636 ALICE Collaboration, arXiv:2307.14084

® Charm quark flows

® Possible flow of beauty quark in the QGP?
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Quarkonia

YilS) s

b b b b b

Y(3S)

b

e Sequential suppression of bottomonia: less tightly bound states are

more suppressed

Pb-Pb @

AA =

B scaledeppe®- @

«10° PbPb 368 ub™' (5.02 TeV) PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)
[ 1T 1 | 1T 177 I UL | 1T 177 I I | | l_ T I T T T T I T T T T I T T T T I T T T T I T T T T
9 P 7 B 7]
py § pi<a0cey CMS 1 1200 <24 CMS -
8t p-P oy<24 E - Cent. 0-90% -
S ZE ji pp>4GeV = s o
: <24 i ]
8 6 Centrality 0-100% $ PbPb Data = 08 - Y(1S) (2015 PbPb/pp) B
5 5_ — Total fit _; < E W Y(2S) ;
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S 3t = ¢ .
o F 0-4_+ KA 1 | sequential
2r - . .
1: 0_2__ | Suppl’eSSIOD
- [ w— N : .
0 : | I I | I | I | I | I I | I | I I | | | I | | L1117 L | | 1 T L | I f | | I L | | L L I L | -
8 9 10 11 12 13 14 % 5 10 15 20 25 30
GeV/c
m,+,- (GeV) p_ ( )
CMS, Phys Lett. B 790 (2019) 270 CMS Collaboration, arXiv.2303.17026
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https://doi.org/10.48550/arXiv.2303.17026
https://doi.org/10.1016/j.physletb.2019.01.006

ERY | deky Y(3S)

Quarkonia S5 s @ @

e Sequential suppression of bottomonia: less tightly bound states are
more suppressed
po-pb ()

. . . . AA =
¢ Charmonia: sequential suppression + regeneration scaledoppe--@

PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)
IIIIIIIIIIIIIIIIIIIII[IIII

< LA L IR BB LI L
< [ pp _ ] - )
@ q4F Pb—Pb, \/s\=5.02 TeV CMS,ly_1<16,0100%- 12 Iyl<24 CMS
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ALICE Collaboration, arXiv:2210.08893 CMS Collaboration, arXiv.2303.17026
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Why jets?

® Production of high-energy partons unlikely to interfere with the
medium formation

Dijet in: p-p...

® Sensitive to the QGP dynamics through jet
quenching: jets interact with the QGP
getting modified w.r.t p-p jets

® In principle: under control in p-p collisions

® They witness the full system evolution

e Multi-scale objects: access to different time and energy scales

Carlota Andrés 19



Jet quenching

Carlota Andrés

Jet 1, pt: 70.0 GeV/|

Jet 0, pt: 205.1 GeV

Pb-Pb

ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

Calorimeter

60 P [GeV]




Medium-induced radiation

® The main contribution to energy loss in the QGP is radiative energy loss
Dominant for light quarks and gluons

High-energy partons experience multiple scatterings with the medium
which induce extra gluon radiation (w.r.t. p-p)

® During the formation time of the gluon multiple scatterings act

coherently .
w = zFE,

LPM effect & ~—

Suppression of the spectrum for large formation times

e Resummation of multiple scatterings: BDMPS-Z formalism (1990’s)

CA, Apolinario, Martinez, Dominguez, Mehtar-Tani, Barata, JHEP 07 (2019) Schlichting, Soudi Phys. Rev. D 105
JHEP 07 (2020) 114, JHEP 03 (2021) 102 057, JHEP 10( 2020) 176 (2022) 076002
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https://doi.org/10.1007/JHEP07(2020)114
https://doi.org/10.1007/JHEP03(2021)102
https://doi.org/10.1007/JHEP07(2019)057
https://doi.org/10.1007/JHEP07(2019)057
https://doi.org/10.1007/JHEP10(2020)176
https://doi.org/10.1103/PhysRevD.105.076002
https://doi.org/10.1103/PhysRevD.105.076002
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Medium-induced radiation and
transverse dynamics

e Jets decouple from the medium transverse dynamics in the usual (eikonal)
medium-induced approaches

I S

Initial jet direction

Temperature gradient

Uniform transverse flow Transverse temperature gradients

¢ Need of generalizing the medium-induced formalisms to account for O(1/w)
(subeikonal) terms

Sadofyev, Sievert, Vitev, 2104.09513

Barata, Sadofyev, Wang 2210.06519
Barata, Mayo Lépez, Sadofyev, Salgado, 2304.03712

CA, Dominguez, Sadofyev, Salgado, 2207.07141

Kuzmin, Mayo Lopez, and Reiten, and Sadofyev, 2309.00683
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Jet quenching

e Traditionally, jet quenching aims at extracting properties of the QGP

® (: average transverse momentum transfer per unit length

2.5

1.5

I:{AA

0.5

1 O)
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we %%,
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*Inclusive jet (0-5%) Inl<2

*b-jet (0-10%) Inl <2
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lal

CMS *PRELIMINARY PbPb\s, = 2.76 TeV f L dt=7-150 ub ™|

—
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JETSCAPE Matter
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A JET Collaboration

I I I I I I I

M. Xie et. al, 2206.01340
LIDO, 2010.13680
[:] C. Andres et. al, KLN LHC, 1606.04837
¢ C. Andres et. al, KLN RHIC, 1606.04837
C. Andres et. al, Hirano LHC, 1606.04837
C. Andres et. al, Hirano RHIC, 1606.04837
+ M. Xie et. al, 2003.02441

+ X. Feal et. al, Quark Jet, 1911.01309
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Apolinario, Lee, Winn, 2203.16352



https://arxiv.org/pdf/2203.16352.pdf

Jet substructure

How does a strongly-coupled fluid emerge from the weakly-
coupled quarks and gluons?

Strongly coupled QGP Weakly coupled QGP

O-&-

Increasing resolution Q2

/]\

[Courtesy of K. Zapp]

Use jets’ inner structure to probe the QGP at various length
scales
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Color coherence

e Splittings with small opening angle cannot be resolved by

the medium:

Mehtar-Tani, Salgado, Tywoniuk, Phys. Rev. Lett. 106 (2011) 122002,

Phys. Lett B 707 (2012) 156, JHEP 10 (2012) 197
J. Casalderrey-Solana and E. Iancu, JHEP 08 (2011) 015

Groomed jet radius o Croomed et
................................................................................................. Rey Torres
< T T TTT T T T T T TT II T T
< 1.2 -10% - (§ E) . .
g - gpré_'ngeV, 260 pb” 0-10% 1 » A = IPZ Pb —= Jet quenching bias
[ Po+Pos02Tev, 172" seaiedeRe t
i anti-k, R=0.4 jets | Quenchgd @
i <21 narrow jet
0.8 .
N A \
0.6 l narrow broad

—-—pi:‘>158 GeV
—=- 158 < p’:t <200 GeV
— 200 < pjf‘ <315 GeV
- 315 < P <501 GeV

IlllIlI 1 |

0.003 0.01 0.0

0.4

17 I L I T
1 l |

0.2

lllll

lllllll I}

0.1 0.

[.=
ATLAS, PRC 107 (2023) 054909 9
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Yield

&, Unquenched spectra

Quenched
broad jet

CMS, PAS-HIN-23-001

Measured jet p,

0,R

25


https://doi.org/10.1103/PhysRevLett.106.122002
https://doi.org/10.1016/j.physletb.2011.12.042
https://doi.org/10.1007/JHEP10(2012)197
https://doi.org/10.1007/JHEP08(2011)015

hard scattering

quenched jet

Color coherence

® Use photon-tagged jets photon QP

HI Collision

CMS-PAS-HIN-23-001

ot jet
p{we /p¥ = Xjy > 0.8 Pt

CMS Preliminary  PbPb 1.7 nb™', pp 301 pb™* (5.02 TeV
! N N v 1 ! ! ! i I ' v N ! I i N N N
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Color coherence

® Use photon-tagged jets

jet , ¥V _

Pt /pTD_ Xjy > 0.8
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Groomed jet radius Rg
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p-p baseline not under control!
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https://cds.cern.ch/record/2867449

New tools: energy correlators

e Correlators (&(n,)&(n,) - - - &(n,)) of the energy flux: ﬂ

. ] &(n) = lim Jdt rn! Tot, rit)
® Substructure without declustering —

® Well-controlled p-p baseline (measured this year for the first time)
Komiske, Moult, Thaler, Zhu, Phys. Rev. Lett. 130 (2023) 051901

....

2-point EEC in p-p IR i 2-point EEC in A-A
o Spmmmee New preliminary | R a0 CA, Dominguez, Elayavalli, Holguin, Marquet, Moult,
S y Caakshassasdd $009 - ._ y g q
SO gle=e2TeY 4 Phys. Rev. Lett. 130 (2023) 262301, JHEP 09 (2023) 088
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https://doi.org/10.1103/PhysRevLett.130.051901
https://doi.org/10.1103/PhysRevLett.130.262301
https://doi.org/10.1007/JHEP09(2023)088

Jet quenching in the initial stages?

¢ Jet quenching not (yet?) observed in small systems

¢ In small systems the pre-hydrodynamics stages are specially important

® Jets sensitive to the pre-hydrodynamics stages
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CA, Armesto, Niemi, Paatelainen, Salgado, Phys. Lett. B 803 (2020) 135318
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Understanding jet quenching in these stages becomes crucial!
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https://doi.org/10.1016/j.physletb.2020.135318

Jet quenching in the initial stages?

¢ Many new developments in the computation of the broadening in the
pre-hydrodynamic stages

10
IpP, Miiller, §chuh, PhVS.[ Lett. B1(2020)1358.19 1 [:] [Hydrodynamics]
10 -k ——3§. (Qs = 2.0GeV)] | - =,
el Y ——§, (Qs = 1.5GeV) = )
& o A R m/(g°p) =0.20 | L %, B 5. — 100 GeV
< 9 %'I.,,~\'\\'.:. -._.-m/(g2ﬂ)=0.10 N % 2 B 5 — 20 GeV
> | - - - m/(g*u) = 0.05 O 4
@) N~
— A= 10
< 2 [Qs e GeV]
, , , ; 10! 10° 10?
7 [fm/d] 7 (fm/c)
In the Glasma phase: Within Kinetic theory
Ipp, Miiller, Schuh,
Phys. Rev. D 102, 074001 (2020) Boguslavski, Kurkela, Lappi,
Phys. Lett. B 810 (2020) 135810 Lindenbauer, Peuron, 2303.12595

Carrington, Czajka, Mréwczynski,
Phys. Lett.B 834 (2022) 137464

Phys Rev C. 105 (2022) 6, 064910 Q relatively large!

Avramescu, Baran, Greco, Ipp, Miiller,
Ruggieri, Phys. Rev. D 107 (2023), 114021

Carlota Andrés 20


https://arxiv.org/abs/2303.12595
https://doi.org/10.1103/PhysRevD.102.074001
https://doi.org/10.1016/j.physletb.2020.135810
https://doi.org/10.1016/j.physletb.2022.137464
https://doi.org/10.1103/PhysRevC.105.064910
https://doi.org/10.1103/PhysRevD.107.114021
https://doi.org/10.1016/j.physletb.2020.135810

Conclusions

® QCD has a rich dynamics within experimental reach

® QCD EoS for both hot and cold dense matter can be studied using
different experimental tools

® Heavy-ion colliders: for hot and low baryon chemical potential

® First constraints from gravitational waves on EoS of the core of
neutron stars

® Hot QCD at RHIC and at the LHC

e Continuous progress on the characterization of the QGP

* Many interesting questions to be answered in the next decade

How does a strongly-coupled fluid emerge from an
asymptotically free gauge theory?
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Future of HICs

e sPHENIX experiment at RHIC (BNL): HI runs up to 2025
e HI runs at the LHC (CERN) up to 2041!

18 more years of heavy-ion physics at the LHC!

202 2022 2023 2024 2025 2026 202 2028 2029

J|FIMAM|J|J|A|S|ON|D|J|FIMIAM|]|J|A[S|OIN|D{ ]| FIMAM| ]| ] |A|SIGIN|D{J |[FIMIAM|]|J|A[S|O J|FIMAM|J|J|AIS|O J|FIMAM|J|J|A|S|ON|D{J|FIMAM|]|J|A[S|O|N|D] J|FMIAIM| ][] |A|S|ON|D{J[FIMAM|]|J|A|S

‘Run 3 ' ' [ Long Shutdown 3 (LS3)

2030 2031 2032 203 2034 2035 2036 2037 2038

JIFIMAM|J|J|AS J|FIMAM|J|J|AIS|O J|[FIMAM|J|J|AIS|O J|FIMAM|J|J|A|S|ON|D{J|FIMAM|]|J|A[SIOIN|D{ ]| FIMAM|J|J|A|S|O J|FIMAM|J|J|AIS|O J|FIMAM|J|J|AIS|O JIFIMAM|J|J|AS

[w]

2039 2040 2041
J|FIMAM|J|J|A[S|ON|D{ J|FM|AM|]|J|A[S J|FMAM|J|J|A[S|O Shutdown/Technical stop
J | Protons physics
LSSJ né | fons
Commissioning with beam
Hardware commissioning
Last update: April 2023 V

® New ion facilities: FAIR (Germany), NICA (Russia), EIC (USA)
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Gracias!



