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IOPOLOGICAL PHOTONICS
Optical Weyl points and Fermi arcs




Fireball evolution and QGP formation

Heavy-nuclei QGP QGP Hadronic phase Detection
T ~0 T <1fm/c T~ 5 fm/c > 10 fm/c > 10 pm/c

Chemical freeze-out Kinematic freeze-out
Relative particle abundances fixed py momentum distribution fixed
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Small and large colliding systems

Heavy-nuclei QGP QGP Hadronic phase Detection
T ~0 T <1fm/c T~ 5 fm/c > 10 fm/c 7> 10 pm/c

Chemical freeze-out Kinematic freeze-out
Relative particle abundances fixed py momentum distribution fixed

;' ; Pb - Pb Xe - Xe p-Pb
| > - > ‘ﬁ ----- ._é. 0-p
: ' e : b & &8 b 00 @8
‘PP 3 p_Pb o PP " ‘ % ,,,,, g ’b - b Y@
Pb oK o ; Centrality vs multiplicity
414 v i3  LPREb & Centrality definition not applicable for pp collisions
. ' ' - e Systems (of different size) can be compared looking at
the charge particle multiplicity (initial energy density)
p-Pb
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Strangeness as signature of QGP

In 1982 Rafelski-Muller suggested the strangeness would have been produced
much easier in a Quark Gluon Plasma

(i) lower threshold (Q)
(ii) shorter equilibration time

QGP

Q(ss) =200 Mev\

>“"\ <
T Tk

g

Hadron Gas
Direct production: 7 + 7 — 7 + 7 + h(s) + h(3)
O(E) = 2642 MeV and Q(Q) = 3344 MeV

Indirect production:
1step:r+N—-> K+ A
2stepr+ A—>K+E orr+ 2 > K+ Q

~

\ - °/

\ O(E) = 1100 MeV and Q(€2) = 1810M€VJ

Study of (multi-)strange hadron production
became pivotal signature of the QGP formation

J. Rafelski, B. Miiller, Phys. Reuv. Lett. 48 (1982) 1066

P. Koch, J. Rafelski, W. Greiner, Phys. Lett. B 123 (1983) 151
P. Koch, B. Miller, J. Rafelski, Phys. Rep. 142 (1986) 167

P. Koch, B. Milller, J. Rafelski, arXiv:1708.08115 (2017)
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Strangeness enhancement

Experimental observable
measured at SPS and RHIC is the
strangeness enhancement

Yieldy/ (Npa,,t)
B Y ieldpp/ 2

Experimental observations:

? FE is above unity

2 Hierarchy based on the strangeness content

? Decreasing trend with increasing energy
(from SPS to RHIC)

Yield/N ,, relative to pp or pBe
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STAR: Phys. Rev. C 77, 044908 (2008)

N T
©ex TT
- + T lﬁ
4
of " ~Q+Q JE 4=
| T L
1
r ¥
1 3
3
- ®
L] e
P F
| 23R
! I __________________________ :
1 lilllll i1 1 111
1 10 10% Npaq

STAR [RHIC, Au-Au@200 GeV] (solid markers)
WAQ97, NAS7 [SPS, Pb-Pb@17.2 GeV] (open markers)

Congresso INFN 2021 4
Bari | 22 June 2021 | Domenico Colella



Strangeness enhancement

Strangeness enhancement measured at LHC (very large jump in energy)

o Observations done at lower energies confirmed

PLB 728 (2014) 216-227

) relative to pp/p-Be

pa

Yield /{
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NAST Fb-2b, p-Pb at 17.2 GeV |

[] STAN Au-Au at 200 CeV

Yield /{N o relative to pp/p-Be

'\ NAS7 Pb-Pb,p-Pbat 17.2GeV |
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ALICE [LHC, Pb-Pb@5500GeV]
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STAR [RHIC, Au-Au@200 GeV]
(open markers)

WA97, NAS7 [SPS, Pb-Pb@17.2 GeV]
(open light markers)
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Strangeness enhancement

Strangeness enhancement through hyperon-to-pion yield ratio for easier colliding
system comparison (get rid of (N,,,,) scaling)

o Increase of ratio-to-pion vs multiplicity from pp (min. bias) to Pb-Pb
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Strangeness enhancement

Strangeness enhancement through hyperon-to-pion yield ratio for easier colliding
system comparison (get rid of (N,,,,) scaling)

o Increase of ratio-to-pion vs multiplicity from pp (min. bias) to Pb-Pb
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Strangeness enhancement

Strangeness enhancement through hyperon-to-pion yield ratio for easier colliding
system comparison (get rid of (N,,,,) scaling)

o Increase of ratio-to-pion vs multiplicity from pp (min. bias) to Pb-Pb
o Ratio-to-pion vs multiplicity in p-Pb bridge from pp to Pb-Pb
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Strangeness enhancement

Strangeness enhancement through hyperon-to-pion yield ratio for easier colliding
system comparison (get rid of (N,,,,) scaling)
o Increase of ratio-to-pion vs multiplicity from pp (min. bias) to Pb-Pb
o Ratio-to-pion vs multiplicity in p-Pb bridge from pp to Pb-Pb
o Ratio-to-pion vs multiplicity in pp surprisingly increasing with multiplicity and overlapping
with p-Pb measurements
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Strangeness enhancement

(1) Is strangeness enhancement a final state effect or
~ is it related to initial colliding system characteristics?
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2 No colliding system dependency
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Strangeness enhancement

(1) Is strangeness enhancement a final state effect or
~ is it related to initial colliding system characteristics?

Is strangeness enhancement
related to effective energy?
Effective energy: energy available for
particle production in the initial phase
of a pp collision
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Strangeness enhancement

(2) Is strangeness enhancement related to soft particle

production or to hard processes?

o W

s

Leading particle & jet axls = - o Near-side jel ALICE Preliminary -
(highest pr) —~— - An < 0.75, Ag| < 0.85 B
' w012 P , bl <085 pp, 18=13TeV —
= - = Out-of-jet vige . -
Jot s Ui« |An «1.2,080 <« Ap <« 2.0 P = 3 GeVic N
0.1 ¢ Full E=
B A < 1.2, —r/2 < A < 3n/2 P-Pp
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LA 0.08 B [ Isyst. error -
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2 The out-of-jet E/Kg yield ratio increases with multiplicity

P The near-side-jet E/Kg yield ratio shows hint of increase

2z Out-of-jet processes are the dominant contribution to
the full yield ratio
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Strangeness enhancement

(3) Is strangeness enhancement due to mass difference?

Look at the ratio between particles with same
strangeness content but different mass

(m=- = 1321 GeV/c?, mz- = 1530 GeV/c?)
2z No dependency from multiplicity
— Not a mass effect
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Strangeness enhancement

(4) Is strangeness enhancement related a baryon-meson effect?

pP-p
@) 045 , : - Nature Physics 13 (2017) 535-539 e
'*g ALICE —— PYTHIA8 p-Pb
~ 04 @ pp.\s=7TeV e DIPSY
5 = () pPb,\sy=502TeV - EPOSLHC | & o
»n 0.35 o
GE) |
0.3 i
Look at the ratio between baryon and meson £ 0 25' I 0 'l"“ X '
having the same strangeness content S I ------------- l’ """" \/KO
2 No dependency from multiplicity g 0.2 8
— Not a baryon-to-meson effect @ 015 T
-
0.1 |
: p/m (x2)
0.05 T —
<chh/d n) i< 05
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Strangeness enhancement

(5) Is strangeness enhancement hierarchy actually due

to strangeness content?

L
g 2
B
=
. pp ~
Look at the double ratio (h/m)/(h/7), ., Q
— Hierarchy with strangeness L

content confirmed
— proton (S = 0) consistent with
unity up to highest (dN._,/dn)

1.5

Nature Physics 13 (2017) 535-539
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Strangeness enhancement

2 Initial concept of strangeness enhancement as signature of QGP evolved and a

lot of characteristics have been measured

No dependency from initial colliding system, energy and effective energy
Hadrochemistry driven by multiplicity

Property of the bulk (p; < 3 GeV/c) of particles

Due to strangeness content of the particles (not a mass or baryon-meson effect)

@)
®)
®)
®)

2 Strangeness enhancement is another collective phenomenon (usually related
to the properties of the QGP) observed in small colliding systems high

multiplicity events

Hardening of the spectra with

increasing multiplicity
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Hot Hacror Gas
6<T <1)%wic

=quilbrium QGP
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Strangeness hadronisation process

Statistical Hadronisation Model
o Hadrons emitted from a source in thermal equilibrium
o Key parameter: chemical freeze-out temperature Tch
o In large systems: grand canonical approach

S 10 foa- f ALcePeimnay 4 © In small systems: canonical approach
3 10k el . Pb-Pb sy =502Tev,010% J O Multiplicity dependency explained with removal of
2 : A AR P é 5 : : ] : :
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' e
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Strangeness hadronisation process

A (fm) R (fm) A (fm)
_ 2 3 4 B 87EONC 2 3 ¢ 567%9‘10 2 J -3 ?6{?3'10
£ | + -
. K ¥ E 0
E 1 “
E‘ - \\
. e em e * e At
[ I o 7 R
03[" | 4+ 7 7
@y ¥ ®) ©)
‘ asal sasnd “ AT | l aad i 1 111162 1 |1u|n
= 1t : 10 1
T | 4 5 iy
= i ‘\ 1 [ ] [ ] [ ] [ ]
N - 4 o~ Statistical Hadronisation Model
i - il . . R
[T 2 o Hadrons emitted from a source in thermal equilibrium
o Key parameter: chemical freeze-out temperature Tch

o In large systems: grand canonical approach
o In small systems: canonical approach

ALICE
=ppVteiTov, y| <08

O pPh |5, =502 TaV 0y <05
® PoPb|E, «276ToV, Iy <06
THERMUS v3.0

PRC 99 (2019) 024906

T < 146166 MeV

AR

k-135:028

o Multiplicity dependency explained with removal of
canonical suppression

2 Large system
- Very good agreement for yields over a wide

range of dN/dy, catching also nuclei yield

Z Small system
- Qualitative good agreement for K, A, Z and €2

- Significant deviation for the ¢
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Strangeness hadronisation process

R (fm) R (fm) A (fm)
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Strangeness hadronisation process

Nature Physics 13 (2017) 535-539
T 'r"w T T "r“tI

\
/

T b @ i
= ' 0 '
. . . . = 2K
Microscopic models from pp collisions o ’ |
ga. y
2 Traditional soft-QCD models based on Multiple Parton E:’., A+A (x2)
Interactions (MPI), e.g. PYTHIA, are not able to reproduce the 5
observed trends 0
o Breaks concept of universality and factorization of & L
fragmentation [JHEP01(2017)140] = += (X5)
2 MPI based models that embed also effects from densely packed
strings (DIPSY) or core-corona hadronization mechanisms
(EPOS) reproduce qualitatively the observed increasing trends o
for strange particle e (x16)
o Further tuning needed to reproduce all ratios simultaneously tof ]
) *’ ALICC |
R ® pp.\s=7TeV '
e & p-Pb.\s,, - 5.02 TeV
Hadron * | Po-Pb 5 = 276 Tev
remnant  BYTHAR
S CIPSY
- EPOS LHG
0° = ol e
10 w10
<‘chh/d 05
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Strangeness hadronisation process

Baryon anomaly

2 Interplay between hydrodynamics and recombination

2 In central Pb-Pb collisions

Pb-Pb | s,, = 2.76 TeV A/KO
1.5~ Centrality 0-10% Afg

’0.’ Pb - Pb
*

Sl

+

Baryon/Meson Ratio

o p/z, A /KO enhancement at intermediate pr ; P-iﬂ* )
o Hydro models: effect consistent with a flow boost pushing particles ‘ B *,-"“" " ]
from low to high pt(describes only the rise < 2 GeV/c) 05~ ‘efe :.’!..*'; LI "
o Recombination reproduces the effect at intermediate pr but & P ¢/
overestimates towards lower pr e ALICE
o EPOS (with flow) gives good description 0, »*“'f S R
2 p/¢ independent of pr — Similar mass drives similar e cnmie P (GeVic)

spectral shape
oCan be explained by models with recombination 4

<

o 22

Recombination mechanism

Edo/d’p (mb.GeV 4c?)

PRL 111 (2013) 222301

ALICE: Pb-Pb at | s,,=2.76 TeV
—— AKS 0-5%
—4- A/KL 60-80%
systematic uncertainty
Theory 0-5%

2
1.8
1.6
1.4

12 & s\ Hydro VISH2+1
1 Recombination
(Fries et al.) Po-Po

0.8

¢ EPOS ﬁ ....

0.6
0.4
¢ s
0.2 =
I 1 1 1 1 1
0 8 10 12
et ot A, R, Ml Port. ol 58 (2008) 177 P; (GeVic)

Werner, Phys. Rev. Lett. 109 (2012) 102301
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Strangeness hadronisation process

2 Similar pattern observed also in smaller
systems

2 Clear continuity among different
systems
— Points toward one common
driving mechanism in all systems
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Future strangeness tracking

Ay ™ T
= . . . . . = ALICE Upgrade projeclian
> Open question for the future: is the trend with multiplicity ¢, | s wsersccony
going to saturate at the thermal limit as observed in Pb-Pb ¢ R
0 " " " " " ? w
collisions or is it going to keep growing” 2 .
= ®
) a
o B
o, o
2 Using the new ALICE inner tracker (ITS) as 1075 .
strangeness tracker, expected to largely [ A pooese  a.h g
TS2 layer 4 improve/extend charmed baryon reconstruction _ ‘ e
middle layers | + cieees DIPSY
__': .‘." wes EROE LES

ITS2 layer 3
(middle layers)

Q"> A+K™ | l .

Direct Topological ..-" ,-":. Ep. 15 - 7 TaV Nat Phys. 12 (20171 535-539
detection reconstruction

(ct = 2,46 cm)

i Preliminary Fo-Pb, | 8,,, = 5.02 TaV

Projoction for 5.5 TeV pp, 6 ob
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ITS2 layer 1 (30,17 mm)
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Nuclear Modification Factor in pPb collisions
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16 Cu Pb+Pb |5y = 2.76 TeV, 0%-5% central, | n| < 0.8 E

14 :_ A Pb+Pbys,, =276 TeV, 70%-80% central, |n | < 0.8 q:
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Canonical statistical model with incomplete chemical equilibration
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Recent developments (yg

canonical statistical model)

include:

? Multiplicity-dependent T,

Z Incomplete chemical
equilibration described by a
multiplicity-dependent
strangeness saturation
parameter y

2 Good description of the
available data except for
p/r ratio (20 at all
multiplicities)
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Canonical statistical model at RIHC

Statstical models:

A. Andronic of o, Nucl. Phys. A
T2, 167,

J. Ceymans ot al. Phys. Lett. B
603, 146

-

[ STAR Preliminary — GCE

T

= 10-40%
uQMD' @ 0-10%

T eorelanion les g, wolue
of 1o veduee Jaaile whicl e
preoxiction of pacticles wieli
opem shrangennes o5 canonieally
convervd.

Au+Au 0-10%

default UrQMD

]

10 20

5
IS (GEV)

Low energies, strangeness production is rare, local strangeness conservation may be required
~5c deviation from zero (GCE) for 0-10% central collisions. Dala favors the CE with

r~3.2 fm

Transport models with high mass resonance can reasonably describe data at low energies

* Transport models with high mass resonance decay to ¢ and - can reasonably

describe previous measurement from SIS energies

» NPA772: GCE + Iy/1:+V~1500 fm? describes data well at > 5 GeV, but underestimate
our measurement at 3 GeV. Canonical suppression is important at low energies
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pr 7 TeV: Nat. Phys. 13 (20717) 535-638

p-FPb 5 TeV: PLB 728 {2014) 25-38, PLB 758 (201€) 385-401
Au-Ay 200 GeV: PRL 88 (2007) 623017

Cu-Cu 200 GeV: PRL 708, 072301
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Backup

PYTHIA model
The Lund string model )

2 Linear confinement potential for large distances (confirmed linear part
by lattice QCD). For short distances perturbation theory holds
2 Confined colour fields described as strings with tension

K = lGeV/fm //Coulomb part
2 Breaking strings (tunnelling) give hadrons
) ama ”p%‘
__mmp g T 1q
Pxe 7 * =e 7« e 7k

2 Flavour of hadrons determined by Gaussian mass
suppression term.
Which mass to put?
o current mass — less suppression than observed
o constituent mass — too much suppression

© s/u empirical number to be tuned on data

Fisher & Sjostrand arXiv:1610.09818 (2017)
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PYTHIA model
The Lund string model

2 In hadronic collisions multiple strings are needed to describe
multiplicity distribution (MPI)

2 In the LC Lund model each string is hadronizing separately
with respect to the others

? The multiplicity increases, but not the (p;) nor the relative
flavour abundances

Hadron remnant

2 Multiple strings are close in space-time. Dynamical
Interaction is not implemented in this model, but color re-
arrangement can happen: Color Reconnection (CR)

2 Takes place after parton shower and takes into account all
SU(3) permitted configurations. Selection parameter:
minimum total string length

2 After re-arrangement of the strings, hadronization takes place

2 Correctly take into account the colour re-arrangement in the
remnant

Hadron remnant

Christiansen & Skands arXiv:1505.01681 (2015)
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DIPSY model

LS
Y

2 Partonic model in impact parameter space and
rapidity (Dipole evolution in Impact Parameter Space _ _ T T
and rapiditY) oy e m

2 Mueller dipole model (LL-BFKL)

2 Proton/Nucleus structure built up dynamically from
dipole splittings

2 Builds-up initial state + collision in impact parameter
space. Naturally treats saturation and MPI

2 The model follows the evolution of colour strings S Transversesize of strings

. %10 the one visyalized here}l ——,
during the whole parton shower e 1ere

b
SOSTOOo0Oo0T0
ot T
[ 3
-

2 Stack of colour strings close in the IP-y space can form colour singlets or
multiplets (ROPES) according to the summing rules of SU(3)
2 Hadronizing a rope means fragmenting string-by-string with an effective string

tension k > Kk, — Higher tension means more baryons and more flavour different
from (u, d)

2 Before hadronizing a string swing mechanism further allow colour re-
arrangement (in analogy with colour reconnection)
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E POS TLTIQRGT T - manilinee yuast longsiudisal
) cllecis

color electnie Lield
s mhe®

2 Hard scattering treated with the addition of several DGLAP parton
“ladders” (pomerons) + a CGC-inspired saturation scale

2 Parton ladders are then considered as relativistic strings,
conveniently treated in a string fragmentation approach (a-la Lund)

Z At time 7, (well before hadronization) strings are divided into: fluid
(CORE) and escaping (CORONA) according to their momenta
density of the string segments:

o CORONA: strings can hadronize as in Lund approach

© CORE: from the time 7, evolves as a viscous hydrodynamic

system that hadronize statistically at a common 1%,

2 After hadronization hadron-hadron rescattering can be
considered, making use of an afterburner (like UrQMD)

y [fm]

& b b omwaax o

o
X [fm]
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New measurements by the ALICE collaboration show that the way charm
quarks form hadrons in proton-proton collisions differs significantly from
expectations based on electron collider measurements.

-g 0.7 [ ] I
50.6 SR . AL'CELPP. /s=502TeV Hadronisation of charm quarks into mesons (D, D™, Dy) or
Z L + LEP e'e,Vs=m, 1 baryons (A, E, ...) occurs on a long space-time scale and
= » HERA, ep, PHP 1 was considered to be universal - that is, independent of the
505 2  PYTHIA 8 Monash | species of the colliding particles - until the recent findings by the
S - 1 ALICE collaboration.
S04 Ty -
g . ) The charm quarks were found to form baryons almost 40% of the
w03 T ] time, which is four times more often than what was expected
- \ t 4 based on measurements previously made at colliders with
0.2 | [+] -4 electron beams (e+e- and ep in the figure below).

o
p—

llll

-]

YTYY]Y

A These measurements show that the process of colour-charge
' \ confinement and hadron formation is still a poorly understood
aspect of the strong interaction.
D° D* D! Al = P g

® 6 o QQ
© © o 990e°

https://home.cern/news/news/physics/alice-finds-charm-hadronisation-differs-lhc

I
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New measurements by the ALICE collaboration show that the way charm
quarks form hadrons in proton-proton collisions differs significantly from
expectations based on electron collider measurements.

arXiv:2011.06078 arXiv:2105.0518
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Leading particle = jet axis
(highest pg)
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a b  Interaction . d
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High-mult. (0 - 0.17% INEL > 0)
07 = Sr <1.0

S PeEDPe
- Ledricky-1 yubosnits madel

p—¢

Nature 588 232 (2020)
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- Coulembd

Coulcmb + p-=-FALQCD
- Coulembd + g-~ HAL QCD elastic
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d,=7.86 £ 1.54 (slat.) = 0.26 (sysl.) fm
R(f) = 0.85 + 0.34 (stat.) = 0.14 (syst.) fm
X{f) =0.16 £ 0.10 (stat) + 0.09 (syst.) fm
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(Sgures created by David Chineliato)

<9]' " ALICE Preliminary pp /s = 13 TeV, minimum bias
° 0.06[== 12- pT® <12 GeVic, 1.2 < p= < 12 GeVic,
< lay| <1 SB OB
=0.05+ e m ALICE
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Measurements of =-hadron angular correlations
In pp collisions used to constrain formation
mechanism in event generators and investigate
multiplicity dependence

— challenge the Lund string fragmentation for
strangeness (favours junction model)

» investigate the conservation of quantum
numbers

— extend to ¢-hadron having in mind that ¢/n is
not described by CSHM?
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Backup

T 1 r T T T 1 r LA A
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SV S
>+ PH “ENIX ;
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Z <0.35 B
0.08} n +; a0 R
L
0.06f * a
0.04} +i U+U, \s=192 GeV
e e KK, 0-50%
0.02- = s+ 7, 10-40%
| ™ =  (p+p)/2, 10-40%

NEPEP PP EPEPEP B
0O 02 04 06 O

8 1 12 14 18
KE,/n, (GeV)

" ¢-meson v, at P~ 1.7 GeV/c

Au+Au, 0-80%

34 10 20 100200
RHIC-BES II Sy (GeV)
+ FXT Program

¢-meson confirms as crucial to understand strangeness production, hadronization
mechanisms, collectivity

New measurement of v, of ¢ in U-U might suggest relevance of coalescence mechanism
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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 py
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Light flavour particle production in ALICE

ALICE is designed to study the physics of strongly interacting matter under extreme temperature and
energy densities to investigate the properties of the quark-gluon plasma

LHC Runi1 and Run2 data taking

2009-2013 0.9,2.76,7, 8

pPp 2015, 2017 5.02
2015-2018 13
2013 5.02
p-Pb 2016 5.02, 8.16

Xe-Xe 2017 5,44
2010-2011 276
Pb-Pb 2015-2018 5.02

Published and Preliminary results available for most light-flavour and strange hadron species in all
the colliding systems provided by LHC: z, K%, p, K0, ¢, 0, 3™+ KO, A, =, Q, d, t, 3He, 3,H.
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Multi-purpose detector at the LHC with unique particle identification capabilities
and tracking down to very low momenta
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Central Barrel Detectors (Inl < 1)

The ALICE detector in LHC Run 1 and Run 2

Inner Tracking System (ITS)

» Tracking, Vertexing, Triggering,
Low momentum PID (dE/dx)

Time-Projection Chamber (TPC)
» Tracking, PID (dE/dx)

- Time-of-flight detector (TOF)
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The ALICE detector in LHC Run 1 and Run 2

Multi-purpose detector at the LHC with unique particle identification capabilities
and tracking down to very low momenta

pp

8<n<5.1

2

p-Pb

(VZERO-A)
-3.7 <5 <-1.7 (VZERO-C)

pp

PP

Central Barrel Detectors <1
Inner Tracking System (ITS)
» Tracking, Vertexing, Triggering,
Low momentum PID (dE/dx)
Time-Projection Chamber (TPC)
» Tracking, PID (dE/dx)
Time-of-flight detector (TOF)
»PID (time-of-flight)
High Momentum PID (HMPID)
»PID (Cherenkov)
VZERO
» Triggering, Event multiplicity
determination

Small and large system definition

» Gommonly referred to the colliding system size (ee < pp < p-A<A-A)
» |n the following referred to the created medium size
v Defined in terms of charge particle multiplicity
v Correspondence to the previous true only on average
v Multiplicity estimator used to categorise event according to its
multiplicity (best if unbiased from particle under study)
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(3 Resonances suppression

Statistical Thermal ~. K p,

A Description time » B Py [
\ : 1 f e
. , » . <

-~ Hadronic
- . _Transport

Kinetic
freeze-out

- Chemical
freeze-out

Pre-Equilibrium
Glasma Phase (< 1)

Resonance Regeneration Re-scattering
decay

==

z

»Resonances are powerful tools to probe the
hadronic phase after chemical freeze-out

Nuciel just beiore collisian »Final resonance yields depend on:

v Chemical freeze-out temperature

v Lifetime of hadronic phase

v Resonance lifetimes

v Scattering cross-section of decay
products
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(3 Resonances suppression

» Suppression of KO in high multiplicity events 3 — | Lifetime
v KO/K reduction from low to high multiplicity g ooz | e
v Central Pb-Pb values below thermal model - 41 12
prediction S _
: : - > KK (x1.2) 417
v Re-scattering of decay products in hadronic o 1
mgdlum o . o £ ’&’ /A (x0.5) 5-5.5
v Hint of KO suppression in high-multiplicity pp and 0?10‘1_— _
p-Pb ~ " ]
» Similar suppression of p% and A(1520) N a(s20yA | 12.6
» No ¢ suppression: lives longer, decay outside fireball = .
» Possible weak suppression of =0 w.r.t. pp collisions - 1| 22
»NO measurement of 2™*/A in Pb-Pb yet, but STAR point o2l || 46.4
» Ratios do not depend on energy (RHIC — LHC) or T e I . .
. 0 2 4 6 8 10 12 14 16
collision system (same for p-Pb and Xe-Xe) (AN _/dn)'"
» Trends qualitatively described by EPOS ch
v Includes scattering effects modelled with UrQMD
Eur. Phys. J. C (2012) 72:2183 ALICE ALICE Pre"minary STAR
Eur. Phys. J. C (2015) 75:1 ® pp Vs=2.76 TeV O pp Vs=7TeV * pp Vs =200 GeV
Eﬂ: ;Eﬁ: jg gg}i; Z?ji;‘g 4 pp s=7TeV o p-Pb s, =5.02TeV ¢ Au-Au |[s, = 200 GeV
oy e oS xpmlmeseT  Dmmfese —eros
e e oo i oty W= oo fEiosmTer - o wauoom
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® Light nuclei production

» Light (anti-)nuclei significantly produced at the LHC in pp, p-Pb and Pb-Pb collisions
» The production mechanisms in high-energy physics still not completely understood
v Low binding energy (Es ~ 1 MeV) w.r.t. the kinetic freeze-out temperature (Tro ~ 100 MeV)

B KK K3 Kr+R 0 p+p A E+E 4O | 4 SH+3H e

2 2 4‘2 2 2 2 2
g 10° —_._ . ALICE Preliminary —
» Two classes of models are available: DUFE T T e TP owmS02TON00%
L1 S L T T
L s s : : : A : L
v The statistical-thermal model ot foees e
: : 0 E | s ST 1 N R T
PredICted yleld dN/dy “exp('m/Tch) Strongly 1073 - rGSI—Heidelberg 153;2 72601:410 41:9/10 “_'_u“
dependent on Tch for nuclei given large m jo¢ | LSWRES  1sos senss  s@rmo) L AT
« Yield well predicted for d, 3He and 3 ,H ¢ 05| e e s o M i s Sy iy
g—o.s
v The coalescence model g :2)‘
* Nucleons that are close in phase-space at the g 2
freeze-out can form a nucleus via coalescence
* Main parameter is Ba, related to the probability to
form a nucleus : .
d*N, "
E, e
By = A
E &N,
P dp3
A
- Ais the mass number of the nucleus " J.l.Kapusta
- pp = palA Phys. Rev. C 21 (1980) y
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® Light nuclei production

(V/)-\ - T T T | T T T | T 1T T | T T T | T 1T T | T T T | T T T | T 1T T | T T T =
. . (@) : o 3
» Simple coalescence — Ba flat in pr T ALICE Preliminary e o
v Behaviour in Pb-Pb — NOT described T 1oL antveuterons,pp, (s=13Tev PP B
. T . . . ~ E I (x 4) 3
v From high to low multiplicity — rise in pt becomes milder o ANy, /) =242 Dy ey g ]
v In pp collisions B2 flatin pr 1 [alvi¢c16) -]
= . R [B]VII (x32) =
= :qIJ [®]VIIl (x 64) T
B [m]IX (x 128) ]
» B2 does not show discontinuity between different colliding i [Ex <256) ]
systems and different energies : = -
v Unique production mechanism depending on the system o2k == ] ) _
size HERy o
: C @dN_/dn )=26.22 ]
J TWO reglmes Observed — __|_L I : 111 | | I | | | | 11 CIh | 1 Iel‘bl | 111 | I 11 | 11 I_
A. flat. system size smaller than deuteron size 09704 06 08 1 12 14 18 N
B. decreasing: system size larger than deuteron size p/A (GeVie)
C'/)-\ T T | T T T T T T T T T T T T | T T T T | T T T T T I_
) T T T IIIII| T T TIIIII| T T T IIIII| T E Pbe 502Tev —
) L _ N> ° 0-5% ® 5-10% 10-20% 20-30%

‘\; o R W ALICE Preliminary | 8 107 30-40% 40-50%  © 50-60%  * 60-70% =
& 107E \“\ié\ﬂ&g p/A=075GeV/c 3 = F o 70-80%  ® 80-90% o ppINEL Vs=13TeV ]
\_:\l - " LIS . (a1 - EEE“ INEL normalisation uncertainty: 2.55% :
@ L Mdopp Vs=13Tev N @ ] 2| leTelore [{E Pb-Pb |
I e L 10 Baergf oo e [T
E [#d+d, pp, /s =7 TeV (PLB 794 (2019) 50-63) & .. E : géiz nOuDEOU GO -
T [¢]d+d, p-Pb, |5 = 5-02 TeV (arXiv:1906.03136) N I elelolo[e _
| [#]d, Pb-Pb, \[s, = 2.76 TeV (PRC 93 (2015) 024917) i 0 N
B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905) = =
1074 .. ; . — B .
- Param. A (fit to HI?.>T radii) E B ALICE Preliminary
E —Param. B (constrained to ALICE B,) E - deuterons, [y| < 0.5
. . Illllll . . Illllll . . Illllll . 10_4:I | 1 1 L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | IF

1 10 102 10° 0.5 1 1.5 2 25 3
(dN dnI b>| <05 pT/A (GeV/c)
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® Light nuclei production

» Deuteron/proton ratio does not show discontinuity between
different colliding systems and different energies
v Unique production mechanism depending only on the
system size
v Two different regimes (or three)
A. increasing: thermal model — canonical suppression,
coalescence — small phase space
B. flat: no dependence multiplicity, in agreement withe
thermal model and coalescence
C. suppression (?): too large uncertainties for a conclusion
» Similar smooth transition vs multiplicity and regimes observed also
for 3He — More data needed to cover the multiplicity gap

= 0.007

+P

£ 0.006

2d /

0.005

0.004

0.003

0.002

0.001

T T T T TTTT T T T T TTTT T T T T TTTT T T
~ [#]Pb-Pb, {5y = 2.7|6 TeV (PRC 93 (2015) o|24917) |
~ [#]p-Pb, sy, = 5.02 TeV (arXiv:1906.03136) d eu te ron
pp, Vs = 900 GeV, d/p (PRC 97 (2018) 024615)
[ pp, Vs = 2.76 TeV, d/p (PRC 97 (2018) 024615)  ALICE Preliminary
— [Klpp. Vs = 7 TeV, d/p (PRC 97 (2018) 024615) @
~ [®]pp, s = 7 TeV (PLB 794 (2019) 50-63)

~ [m]Pb-Pb, \s, =5.02 TeV
, IS

T
ke
kel
ﬁ

1
o
—
o)
<

Thermal-FIST CSM (PLB 785 (2018) 171-174)
-~ T=155MeV, V, = 3dV/dy
—T=155MeV, V, = dV/dy

iéllllllllllllllll

— Coalescence (PLB 792 (2019) 132-137)

O 1
1 10 102 /1 0°
dN_/d
< ch 7Ilab>|17 |<0.5
lab
w T
9 - -
()
'S, 107° =
e = s
2 F ]
E B g CSM (Thermal-FIST) pLB 785 (2018) 171-174 |
(®)) - H — T =155MeV, V,=dV /dy 7
Q 107 —ee- T=155MeV, V,=3dV /dy |
£ Coalescence PLB 792 (2019) 132-137 3
S5 Three-body coal. .
o -.-- Two-body coal. ]
- ALICE _
g 7 [ ] (3He + 3%) / (p + 5), p-Pb m =5.02 TeV, Preliminary
107" B o 2°He/(p +p), Pb-Pb |5, = 5.02 TeV, preiiminary E
- » 2°He/ (P +p), Pb-Pb \s, =2.76 TeV, PRC 93 (2016) 2, 024917 3
B + 2°He/ (p+P), pp Vs =7 TeV, PRc 97 (2018) 2, 024615 ]
1 1111 | 1 1 1 1 1111 | 1 1 1 1 1111 | 1

10 10? 10°
(dN_/dn )

lab |77Iab| <0.5
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LHC Run3/4 program and ALICE Upgrade strategy

4 key objectives identified by HL/HE-LHC m
working group 5 for high-density QCD at LHC s S
after LS2
1. Characterising the microscopic long-wavelength m oo
QGP properties with unprecedented precision rye——
2. Accessing the microscopic parton dynamics <m2“3:.,m, E
underlylr)g QGP_prope_rtles | | e PN
3. Developing a unified picture of partial production m.....,......... o
from small (pp) to larger (p-A and A-A) systems ﬁ inatakaion bgina
4. Probing parton densities in nuclei in a broad (x, 19 Gt .
Q2) kinematic range and searching for possible ,..,.l oet. Rt
. May 1€ | jur19 | Avg’ 19 Dec” 19 Feb 2€ My 20 Feo' 31
onset of parton saturation - & o 5 5—-.
Proposed run schedule for Run 3/4
System | Js, JsNN " Note ALICE Upgrade strategy
.......... Pb-Pb | 55Tev  13nbt  3nbllowBfield » New silicon trackers: ITS (mid-rapidity), MFT (forward rapidity)
Pb 8.8 TeV 1.2 pb .
.......... p.pp ot T:V —= f)bl High-muluplicitytrlggered » New TPC read-out chambers (GEMs) and electronics
............................... 88TeV 3pbt » New Fast Interaction Trigger (FIT)
5.5 TeV 6 pb’ i
............ 00 | 7Tev_  sooubt  piotmn » New Read-out of other detectors (TOF, TRD, Muon arm, 2DG.....)
p-0 9.9 TeV 200 pb-! » Upgrade of Online and Offline systems (O2 project)
2019 2020 2024 2025

M PNDINCBA A AT A B

(=

26 LUGDLED2E 800 D@ 0L C s

Ml = 1

Run 3: Le.pp = 6.0 nb-" " "Run 4: Leo.pp = 7.0 nb-!
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Centrality/Multiplicity determination

» The centrality/multiplicity classes requires the following steps:
v the VO amplitude distribution is fitted with Glauber MC
v absolute scale is defined, through the definition of anchor
point, as the amplitude of the VO equivalent to 90% of

hadronic cross-section
v data are divided into several percentiles selecting on signal

amplitude measured in the VO

» VO amplitude distribution
v Pb—Pb and pp: sum of amplitudes in the two VO

scintillators, VO-A&V0-C (“VOM”)
v p--Pb: amplitude by VO-A (placed on the outgoing Pb side)

» (dNcn/dh) is measured in |h| < 0.5 to avoid “auto-biases” in
multiplicity determination

The VO detector is composed of a pairof
forward scintillator hodoscopes placed at
2.8<n<98.1(v0A)and-3.7 <n <-1.7 [VOC]

PRC 88 (2013) 0443903

E ALICE Pb-PD at |5, = 2.76 TeV

3 Faers Pb-Pb
290°fF gao-%ﬂm n' -
. X o« (TN \
(dN,/dn) $ N enn - = § | ;
o ‘0" 120000 a3
c ity Multiplicity cf Colliding system — .
entrall ultiplicity class ———
(Pb—Pb,/ p—Pb/ pp) Pb—Pb p—Pb pp 10° B
(Vswn = 2.76 TeV]) (Vs = 5.02 TeV) (Vs=7TeV]
S
0-5%/0-5%,0-0.95% 160160 45+ 21.3+0.6 10* s g { i g § £
3.90+0.1 - .
] . . + + 107 L R L Lo \
70-80%,/60-80%,/48-68% 35+ 9.8+0.2 4 : Ao T 1 Ssais
VZERO amplitude (a.u.)
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