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http://madai.phy.duke.edu/indexaae2.html?page_id=503

Focus on high-energy AA collisions

Properties of the bulk are being investigated with a comprehensive (and impressive) set of

measurements of light flavor hadron production and flow.
Include: TTKp, strangeness, resonances, light nuclei, antimatter, hypernuclei.

RHIC, Au-Au and Cu-Cu LHC, Pb-Pb and Xe-Xe*
Top energy Vsyy = 200 GeV sy = 2.76 TeV, 5.02 TeV, *5.44 TeV
BRAHMS, PHENIX, STAR ALICE, ATLAS, CMS, LHCb

Francesca Bellini (CERN) - SQM Bari, 12th June 2019



Plenty of data from RHIC and LHC!
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Experimental access to the QCD phase diagram

RHIC and LHC give experimental access to the
region of the QCD phase diagram at zero and

low g, allowing direct comparison with state-of-

the-art ab initio lattice QCD calculations.
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Latest IQCD prediction for

Tc(“B = O) =

(156.5 % 1.5) MeV
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Energy dependence of T, Ug
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— more on BES in X. Zhu'’s talk
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Grand-Canonical thermal model fit
performed on STAR, PHENIX and
BRAHMS data.

Most hadron abundances are in

agreement with a thermally equilibrated
system freezing out at

T, =162 MeV at 200 GeV

with indication for deviations in the
strange baryon sector.

Fits performed also on STAR BES data.

Francesca Bellini (CERN) - SQM Bari, 12th June 2019
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hermal model fits to LHC data (2.76 TeV)
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hermal model fits to LHC data (5.02 TeV)
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Proton-to-pion ratio
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Towards understanding the thermal proton anomaly

[he role of the finite resonance width
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V. Vovchenko et al. PRC 98 (2018) 034906

The thermodynamical observables are sensitive to the low-mass tail of resonances, due
the Boltzmann factor.

The application of the energy-dependent Breit-Wigner scheme helps the thermal model
description of the p/1T ratio by reducing the p feeddown from near-threshold 4’s.
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Towards understanding the thermal proton anomaly

[he role of resonant and non-resonant it and it interactions
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A. Andronic et al., PLB 792 (2019) 304-309

The inclusion of the resonant and non-resonant TN and 11N interactions via the S-matrix
formalism has the net effect of reducing by 17% (1%) the proton (pion) yield with respect the
HRG case. More specifically, TN reduces the proton, TN tends to increase it.

— Improved agreement between p ALICE data and thermal model after this correction.
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Strangeness enhancement T T
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A closer look to strangeness in central AA
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In central Pb-Pb collisions, most recent =Z/11 data lie above the GC plateau, while Q/1T is
consistent with the thermal model expectations.

— Difference between 2.76 TeV and 5.02 TeV for =/11 is being addressed by ALICE by
means of a re-analysis of the data: stay tuned!
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Towards understanding of multi-strange

The role of possible higher mass strange resonances in HRG
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A comparison between IQCD and the hadron resonance gas (HRG) model suggests the
existence of missing strange resonances, i.e. not yet detected, or not yet fully established.

— Higher mass baryonic states would need experimental verification with searches at
RHIC and/or at LHC.
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Towards understanding of multi-strange

Indication of sequential hadronisation from 1QCD

str'arljgﬁtquérkk7g4/362' —=— | Indication of sequential hadronisation of light (u,d)
25 [ LIRG prediction for th;gstr;n”gag qﬁ‘;fﬁ 7] andstrange quarks comes from the ratio of even-
5 | for the light quarks | even cumulants (which, at first order, is determined
-1 Dby the freeze-out temperature near yg = 0).
15 LTI T I Taasmmminna, ) -
b H H; % % ? ¥ t f e, ) Light quarks would prefer a lower temperature,
Tr i, ; "1 strange would prefer a higher temperature.
| Yig,
al e, | — More measurements (net-kaon, net-lambda, ...)
o L needed to address this
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T [MeV] — More in the parallel sessions!

R. Bellwied, PRL 111, 202302 (2013)
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he pivotal role of $ meson
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From the measured multiplicity-dependence of ¢/11, the behavior of $ meson is between that
of a S=1 and a S=2 particle.

¢ is the exception that does not fit in the canonical suppression picture that describe all other
measured LF and strange hadrons from small to large systems.
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he pivotal role of $ meson
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V. Greco at al, PRC 92 (2015) 054904

Having similar mass as the proton, the $ meson can be used to investigate the interplay of
flow and recombination / fragmentation.

— Still an open point on whether recombination or flow determine the spectral shape at
intermediate p+
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Resonance suppression in central AA collisions
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Consistent results on short-lived resonance suppression at RHIC and LHC provides evidence
for long-lasting hadronic phase in central AA collisions. — More in A. Knospe’s talk

Effect qualitatively reproduced by EPOS with UrQMD to model rescattering and regeneration.
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Lifetime of the hadronic phase
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E - —-E v3.103 /H’//’ - ratiOcent = Tatzoppe Tz Tati0cent = m
0 - _,// 1 . .
e ] A ; o b |1 1(p)=1.3fmic < (K*) = 4.5 fm/c < 7(A*) = 12.5 fm/c
o 70 m H H H
o 1= // E
= - -
% - | ﬂ - Consistent with the hadronic phase lifetime
« - . from UrQMD, which includes rescattering and
i ) regeneration.
10 W
0 2 4 6 8 10 12
(dN_/dn >I1n’|3< .«  — Measure (1385), which is expected to
ALICE: PRC 69, 064901 (2019), PRC 99, 024905 (2019), undergo significant regeneration.

PRC 95, 064606 (2017), PRC 91, 024609 (2015)
EPOS: A. Knospe et al., PRC 93, 014911 (2016)
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"Fragile” objects: production and survival

a ""I""II""I""I'"‘I""a
_ _ % 102k °He " m | ALICE, pp Vs=7TeV
(Anti-)nuclei puzzle: S s [® | ALICE, Pb-Pb S, = 2.76 TeV
how can loosely-bound states (Bg ~ 1 MeV) produced at o« F~, - ™ GSl-Heldalorg (Tonm = 156 MaV) +
. . . 10 blast-wave (mKp, Pb-Pb |5, = 2.76 Te\
chemical freeze-out survive the hadronic phase ol ke
(156 MeV < T <100 MeV)? A .
07 T

Production via coalescence of nucleons at kinetic 10° L p/A=073Gevic
freeze-out? Other explanations? et e
—s More in D. Ollinychenko’s talk L2 34 p/A=1GeVic

% A — Coal., ,(iH) =6.8fm

S 10° ---- Coal., r(*H) = 14.1 fm

<

o 107
— Experimentally to be addressed with multiplicity- w0k
dependent measurements of different nucleus species 0 e

5I - l6
R (fm)
FB, A. Kalweit, PRC 99, 054905 (2019)
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Collectivity manifested by radial and elliptic tlow

G llll ! ! II'IIII ! ! IIII”I ! < 02 UL T T 71 | 1T T 7T I T T 7T I L I LI
= | ALICE, A-A 1 r . . .
> 25 ¢ Xexe,yor =544 Tev (Preliminary] - > C ] ALICE Preliminary —ieBe + VISHNU + TRENTo
<} I Y m 1 S 0.18— N 7 Pb-Pb \s,, =5.02 TeV —iEBE + VISHNU + AMPT
= [+ Pb-Pb,ys,, =502 TeV [Preliminary] | ~ C AN \kw \ . . e .
3'_ L & Pb-Pb, ys,, =276 TeV . 20.16 L AN = 0-5% —McGi —EPOS-LHC
> =, K, p: PRC 99, 044910 (2013) ] E R ™ % ] 14
¢: PRC 91, 024609 (2015) T 0.14F N R‘% ] 1-21;
_ _ 0.5 oM Blast-Wave W ', ] 08
er A o fits to K,p %% ] 5 1aE
0.1 % — é 125
[ 4 + . ] - Global BIast-Wave fit to - s B
L+ i 7 (0.5-1 GeV/c), K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) ] T 08
) ] 0.08[ . g 08
- 1 L e ALICE Preliminary, pp, \s =7 TeV ] 14E
I s ? | 0-06: = ALICE, p-Pb, \s =5.02 TeV B 12e
0.5 [ gasugputyrty® iyt 0.04F * ALICE, Pb-Pb, {5, =2.76 TeV E 08E _
) :0AL|CEPre|lm|narbePbﬁ 5.02 TeV ] 0'6;_|||| ol b e b Py iy
002(;,, | Lol 1T 0 0.5 1 1.5 2 2.5 3 (3.5V/)
0—|||| bl Lol ] ' 01 02 03 04 05 0.6 0.7 ,DT ev/c
‘710 20 10%2x10° 10°2x10° (B.) ALICE, QM 2018
T

Larger radial flow velocity for central Pb-Pb collisions, centrality dependence and mass scaling
of mean p; are consistent with the hydrodynamic picture.

Direct comparison with “full-hydro” models and EPOS reveals a typical agreement within 20-30%
with hydrodynamical predictions, which worsens towards more peripheral collisions.
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Radial flow affects baryon/meson production

p/d

K/

p/1T

[ ALICEppis=7TeV,|y| <05
== vom Ciass 1, (N, /dn) = 21.3
[ E=—] VoM Class X, (N, /dn) = 2.3
(VOM Multiplicity Classes)

1 E=—60-80%, @GN /dn) =9.8

T T
T ALICE p-Pb |5y, =5.02 TeV, 0 <y, < 0.5]

=2 0-5%, (dN_/am) = 45.1

(VOA Mult. Classes - Pb side)

o= 0-5%, (N, /dm) = 1601.0

1 = 60-80%, (dN,/dn) = 55.5

[ ALICE Pb-Pb |5, =276 TeV, [y| <05 ]

Baryon-to-meson (B/M) ratios evolve from low
multiplicity to high multiplicity events similarly
across collision systems.

Baryon anomaly:
enhancement of B/M at intermediate p; and
depletion at low py

;0.2: llllllll [rrrryrrrr [ rrr T

e R

21: (N Strongest radial
o ¢ flow (B71) in central

= Global Blast-Wave fit to
008__ 7 (0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0

Pb-Pb collisions

e ALICE Preliminary, pp, \s =7 TeV

0.06 . ALICE, p-Pb, 15 = 5.02 Tev

0.04 * ALICE, Pb-Pb, |[sy, = 2.76 TeV

[ ¢ ALICE Preliminary, Pb-Pb, ‘/s_NN =5.02 TeV
|

_llllllllllllllllllll llllllll Illll
0'020 0.1 02 03 04 05 06 07

Francesca Bellini (CERN) - SQM Bari, 12th June 2019



0.2

Collectivity manifested by radial and elliptic tlow

STAR. PRL 116. 062301 (2016) ALICE, JHEP 09, 006 (2018)

0.1

—T— I I = — T T T T3 ALICE Pb—Pb sy, = 5.02 TeV
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CMS, PRL 121, 082301 (2018)
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Outlook to small systems

The smooth multiplicity-dependent
evolution of particle chemistry (and
signatures for collective behaviour)
across systems might be pointing at a
common hadron production mechanism.

B i 0 2K

D 0O00om,,

IIIIII|

B 0 H0dp g 20 (x2)
B BUPD e -
f % b i i Q+Q" (x12)=

Ratio of yields to (m*+m°)

Advocates for a unification of the
theoretical description under a
“small-to-large” or “large-to-small”

aradigm. -
p g ALICE Preliminary .
o pp, \s=13TeV .
5@3 ALICE [0 Pb-Pb, \ s,y =5.02 TeV N
- (@ O pp, \s=7TeV Yo Xe-Xe, |\ Sy = 5-44 TeV
O p-Pb,\s=502TeV @ p-Pb,\s,, =8.16 TeV
1 0_3 1111 | 1 | 1 | | I 1 1 1 11111 | 1 1 1 | | I
10 10° 10° 10°
. : dN /d
— more in talk by R. Preghenella on Fri. ( ch 77>|n|< 0.5
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Instead of a summary of a selection,
some open questions....

Chemical composition and equilibrium of particle species
— Do we understand the deviations from the SHM?
Have we reached the limit of precision of the SHM?

“Strangeness enhancement” implies understanding the pp reference
— Do we understand the multiplicity dependence?
MC generators, canonical suppression, two-component models...

Collectivity and flow
— Do these have the same origin in small and large systems?

How does the system reach equilibration?

Composite, fragile objects
— How can they survive the hadronic phase?

Production mechanisms: baryon/meson
— Have we settled the issue with recombination?
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Strangeness enhancement
The historical way: yield in AA relative to pp

4 4
| =Cu+CuKg | *Cu+CuA+R
| =Au+Au Kg -+ Au+Au A+A

of v M
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mee 2o
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=
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- L ]
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System geometry dependence

ALICE, PLB 788 (2019) 166179

Q 0.75r- 7
; : - ALICE, charged particles, ||<0.8
o L g -
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L . ; 4
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-~ Pb-Pb, |5y =5.02TeV D
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1.04 .
£ | --Data |
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Centrality (%)

Weak dependence of (p) on centrality in AA collisions
and mass scaling, but small (O(3%)) difference between

Xe-Xe and Pb-PDb, as predicted by hydrodynamics.
Hydro prediction from G. Giacalone et al., PRC 97, 034904 (2018)
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System geometry dependence

ALICE, PLB 788 (2019) 166-179 ALICE, arXiv:1903. 01790
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but not in small systems. N, (i <0.8)
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