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Introduction %

ALICE

e In high-energy heavy-ion collisions at the Large Hadron Collider (LHC) a Quark-Gluon
Plasma (QGP) is formed and cools down to a hadron gas (hadronization)

Final detected
particles

Hadronic phase evolution:
o Chemical freeze-out
T, ~ 156 MeV
m Hadron yields are ~ fixed

Resonance rescattering
and regeneration
in the hadronic phase

o Kinetic freeze-out:
m  Momenta distributions are
fixed

Time: 0 fm/c <1fm/c ~10 fm/c ~1075 fm/c

e Resonances — lifetime of few fm/c — sensitive to the very small timescales of the QGP
system evolution — probe of the hadronic phase
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Resonances in the hadronic phase %

e Resonances reconstructed
via invariant mass

technique Kinetic
freeze-out

2] T ~ 100 MeV
M? = (Ey + E2)2 — [Py + P2l (from BW fits)

e Due to rescattering the

_ _ _ Chemical
information on p,, p, is lost freeze-out |
= Not possible to reconstruct M T~ 150 MeV De'cay Regeneration Ré-scattering -

= Broadening of the measured
resonance width

o Rescattering — reducing the resonance yield

e Interactions between hadrons o Regeneration — enhancing the resonance yield
can regenerate resonances

after the chemical freeze-out

Marta Urioni (University and INFN, Trieste) | PIC 2024, 22-25 October, NCSR “Demokritos” Athens 3



Chiral symmetry restoration

o Chiral SU(2) x SU(2), symmetry in QCD in the limit that m , =m_ =0

e Due to spontaneous symmetry breaking — Chiral symmetry is not exactly realized

in QCD G. Aarts. C. Allton. D. De Boni, and B. Jédger
Phys. Rev. D 99, 074503

e o loeceepniny e
o Lattice QCD — chiral symmetry Laf % Lo T -J -
restoration expected to happen at T _, 2l o N }{* . s B -
HotQCD Collaboration. Lo N# N o Z(H) i
Physics Letters B 795 (2019) 15-21 L — §.§...§___. ....... - §..§...§~
g | | | | | |
é - | | | i | | ng:_
o Chiral partners: two resonances with P e R T ——— . i i
the same quantum numbers but opposite sl o 1 . i } ]
. . 2 v = ol
arit F oA v oE %
p y T = < - R < . L P ii%
L | ! | L | ! I | ! | L | !
0 50 100 150 0 50 100 150
T [MeV]
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P

* ] [ ] ] —
K* and K, study — physics motivation i
1 ALICE
o If the chiral symmetry is restored N, /Nic
the differences in masses and —e— Chiral symmetry restoration
. . . 0.8+ —a— Without chiral symmetry
production yields between parity [ Statistical model at T,
partners should disappear e
0.4}
o K"and K, are good candidates: |
o Smalll <100 MeV [ —n\\.
o Small hadronic dissociation cross 70-80% 40-50% g entrality
section
H. Sung et. al,

Physics Letters B 819 (2021) 136388

o The K./K* enhancement should be observable in peripheral collisions:
o Shorter lifetime of the hadronic phase
o Small influence of rescattering effects
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ALICE

Recent results on K*(892)° production



Time Projection

Chamber (TPC)
Tracking and PID
via dE/dx

Time Of Flight
(TOF)

PID via
Time-of-flight

Inner Tracking
System (ITS)
tracking and
vertexing
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The ALICE detector in Run 2

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
- C. ITS SSD (Strip)
d. VOand TO

e. FMD

i®

[ =

[ LR
., AU I
O

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

. PHOS, CrPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger

CoNOORWNE

15. Dipole Magnet
16, PMD

17.AD

18.ZDC

19. ACORDE
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K*(892)° reconstruction

ALICE
K*(892)° — K* == (BR ~66.6%)

[
o W(ng)o N K_ 7’C+ ALICE Collaboration, Phys. Rev. C 109, 014911
x10° | | | x10°
] ) | T T T T T T 1 T T T T T I = T I T T I I I I I I I T ]
o Topological selection: go| ALICE 0.6 - .

- Xe-Xe, sy, = 5.44 TeV, Centrality 0-30%

tracks pointing to T KR K (K 1 € t .
: > I ] s =N i
the primary vertex 3 60| 1¥1<05 43
I . S04 ]
o 1.6<p <20GeV/c o
o B 1 =} - .
g i QSMOQO. | % i )
e Daughtertracksare ¢ 40 . 1 e :
. - . g B ’00.‘.' 7 g 0.2 e Data (stat. uncert.)
|dent|f|ed in the 8 - e ’o... & 8 : — Signal + Residual background ™
B o Unlike. . ® B Signal
20— Ur‘1llke anerge palrs . - ----Residual background
TPC and TOF L o Mixed event background ]
C 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 ] ] I 1 I 1 1 | 1 1 1 Il | 1
0.6 0.8 1 1.2 1.4 0.0 0.8 0.9 1
M_. (GeV/c?) M . (GeV/c?)
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K*(892)° and $(1020) ratios vs system size

K* decay products are rescattered in

the hadronic phase:

o

Kr— K'n

BN M ey LNy A
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*(892)° and $(1020) ratios vs system size

o K" decay products are rescattered in

the hadronic phase:
o Kf— K'm

BN M ey LNy A

e Suppression of K*/K — Rescattering is
dominant over regeneration:

o K — K*(892)° — 1K

Particle ratios

IIIII||II||II||II|III_
0.6~ k9K ¢k ALICE
- O o Pb-Pb2.76 TeV
| o p-Pb5.02 TeV
B [ e Pb-Pb5.02 TeV
| al e ppINEL5.02 TeV
DA e B
0.2
B = EPOS3 ..... EPOS3 w/o UrQMD
O llllllllll]llllllllllll
0 2 4 6 8 10 12
1/3
<chh/d 77>|77| <05

@ ©
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K*(892)° and ¢(1020) ratios vs system size

o K" decay products are rescattered in

the hadronic phase:
o Kf— K'm

BN M ey LNy A

Particle ratios

e Suppression of K*/K — Rescattering is
dominant over regeneration:

o K — K*(892)° — 1K

e The suppression of K*/K increases

with system size

Marta Urioni (University and INFN, Trieste)

=
o))

©
o

0.2

T

T
_K*o

/K o/K ALICE

O o0 Pb-Pb2.76 TeV
| o p-Pb5.02 TeV

[ e Pb-Pb5.02 TeV
al e ppINEL5.02 TeV

"
]
'
LY
T
Imi.
-----------------------
L
‘.
fay
-iay
-

r

—— EPOS3 ... EPOS3 w/o UrQMD
1 1 I | I 1 1 | ] | | I | | I L 11 l
2 4 6 8 10 12
1/3
(dN ch/ d77>|n| <05

@ ©

| PIC 2024, 22-25 October, NCSR “Demokritos” Athens

(B

ALICE

ALICE Collaboration, Physics Letters B Volume 802, 135225


https://doi.org/10.1016/j.physletb.2020.135225

K*(892)° and ¢(1020) ratios vs system size %

ALICE

o K" decay products are rescattered in
the hadronic phase:
o K-> K'm
BN M ey LNy A

II||II||[I|||II|I|I_

=
o))

1 |
K*/K ¢/K ALICE

o Pb-Pb2.76 TeV .

0 p-Pb5.02 TeV

e Pb-Pb5.02 TeV n

e pp INEL5.02 TeV

HEEOQO

Particle ratios
o
A [

e Suppression of K*/K — Rescattering is
dominant over regeneration:
o 1K — K*(892)° — 1K

e The suppression of K*/K increases

with system size W X ik .
B — EPOS3 ... EPOS3 w/o UrQMD 7
¢ decaying predominantly outside the O

. . ) 0o 2 4 6 8 10 12
hadronic medium thanks to its longer <chh/d'7>1/3

lifetime | < 0.5

o T =416 fmlc, 7,= 46.3 fm/c @ Q
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K*(892)° and ¢(1020) ratios vs p-

e Lowp.:
o Rescattering effects
influence the K* resonance
yields

o ¢ is not affected by

rescattering (central collisions
ratio = peripheral one)
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K*(892)° and ¢(1020) ratios vs p-

e Lowpy K*/m
o Rescattering effects = [T = v T 1 &
. B " ALICE, =5.02 TeV
influence the K* resonance & o 0_10!5_%_% ° @ é
ields = 0 70-80% Pb-Pb s
y e | @PpINEL N 5ud
o ¢ is not affected by E3 filgs
rescattering (central collisions 05} ‘;} -
ratio = peripheral one) i ¢ } J¥ =
may 74 Zj%f 0.2
=1
e Intermediate p,: i
o Radial flow is influencing the g_@
K* and ¢ yield (aLice coliaboration, 0 _(I)} . L - 0

Phys. Rev. C 101, 044907)
. :
o M..>M_, — K* production

P, (GeV/ce)

I T T T T I T

| ALICE, ys\ = 5.02 TeV
@ 0-10% Pb-Pb

- 0 70-80% Pb-Pb

| < pp INEL
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is influenced more than t*
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Lifetime of the hadronic phase

ALICE
° Tlme interval between Chemical and ALICE Collaboration, Phys. Rev. C 109, 014911
S ERRILEREER FEE LR RS & o
Kinetic freeze-out (Lower bound): | System  Coliision energy 110 -
X pp 5.02 TeV -
+ @p-Pb  5.02TeV : =
*0 —|rk*0 _ . mXeXe 544TeV 2
[K™/K]in| =|[K K] g X EXP(=7/7)(1) + Pb-Pb  5.02 TeV t
o Assuming all the K* are lost due to - 15
rescattering ' + |
o For central Pb-Pb collisions: i 4% 4 +
o t=4—-7fmlc ﬁ + '
o Close to the K* lifetime 10
_ . Nl EFEET BRI BPEPETE BEPETE EEETE B
The hadronic phase lifetime can be probed 2 4 6 8 10 12 14
1/3
through resonance measurements <chh/d77>|n| o
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ALICE

Feasibility studies of K* and K,
reconstruction on LHC Run 3 with ALICE



The ALICE Run 3 detector %

ALICE

Upgraded Time Projection
Chamber (TPC)

New Inner Tracking System (ITS)
7 layers of silicon pixel sensors

—a-—

New Fast Interaction Trigger (FIT)

5 arrays of Cherenkov radiators
and scintillators

e Run 3: much larger statistics (Pb-Pb: ~10 x Run 2 events) (pp: ~40 x Run 2 events)
o TPC, TOF: identify particles in a momentum range of [100 MeV, 3.5 GeV]
o |ITS: high resolution on the impact parameter (improved by a factor ~ 5 with respect to Run 2)
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/
K*(892)° signal extraction e

e Data samples: £ 00457 T T T T T T T T T 2 U A L A A R H
5 : ALICE Performance 1 35 9 " ALICE Performance N
Pb-Pb at 8 0.04- Run3,Pb-Pb |5 =5.36 TeV g 8 L Run3,pp Vs=136TeV ]
\/SNN =5.36 3 ; 035; 20< p_ <25 GeVic 18 [ 20< p_<25GeVic i
TeV, ‘_E“ - E Iyl < 0'50 — Breit-Wigner fit + bkg. E (_EU 0'08—_ Iyl < 0'50 — Breit-Wigner fit + bkg. B
pp at S 0.03 K*(892)"— K’ - bkg. pol3 - S i K*(892)'— K’ -+ bkg. pol3 ]
Vs=136TeV = & E ]
e Same event — 0.02- . 0.04:— —
Mixed event o5 E : .
subtraction B ] 0,02 prarsseest™ ]
0.01F N L T i
. Fit Of the -_[ 111 | 111 ‘ 1111 I 1111 | | | I | | l: T 1111 | 1111 | L 111 | L 111 | 1111 | 11 I.I"l.“l-lll-ll'-l-r
resulting 07 075 08 085 09 09 1 1.05 07 075 08 085 09 095 1 105
Invariant mass m (GeV/c?) m (GeV/c?)
distribution
signal: f(m) o< | Itesidual bkg: third degres polynomial
(m—Mo)2 +12/4 | 1 residualbkg: third degree polynomial !
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Spectra calculation

ALICE
ﬂ 0-045__'_| 1T | T 17T ‘ T 1T | LI | LI LI LI I_': -'g 4 LI | T 17T | L | T 1T I LI LI LI I_
5 - ALICE Performance 15 o ALICE Performance 1
e Raw yield 8 0.04F Run3,Pb-Pb |5y =5.36 TeV 4 8 7| Run3,pp V5=13.6TeV i
. O B 1 O - A
eXtraCtlon (NraW) .GNJ 3085 - 20< p <25 GeV/c E -GN.) L 20< p <25 GeV/c i
T [ Ilyl<05 o 1 & 008~ |yj<05 o 7
= - . o . — Breit-Wigner fit + bkg. . = - . o .. — Breit-Wigner fit + bkg. —
= T K*(892)'—» K'n -+ bkg. pol3 q = - K*(892)'—» K'n -+ bkg. pol3 .
. : S 0.03F 1 5 i i
o Efficiencies Z - 1 Z o006 7
correction 0.0250, E i ]
0.021 = 0.04~ -
o Extraction of ooish ] I ]
spectra vs p. - X 00 et E
0.01— - e e 1
-_[ 111 | 111 ‘ 1111 I 1111 | | | I | | l: T 1111 | 1111 | | 1 | 1111 | | | | l-lll-ll'-l r
0 075 08 085 09 0.95 1 1.05 0.7 075 0.8 09 0.95 1 1.05
m (GeV/c?) m (GeV/c?)
2 PANLC\VAP :
1 d N 1 d N 8tr1g . Evert . ESlg

Nevent dyde S\C,ﬁm dydpr (A X €rec) . BR
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/
K.(1270) reconstruction X
e K, (1270)* — K*(892)° n* (BR ~ 16 %)
o M=1270 MeV, I = 90 MeV — challenging measurement

Never measured in heavy-ion collisions, but characterized by the Belle2 collaboration at
the KEKB e*e™ collider

Belle Collaboration,
Phys. Rev. D 83, 032005

Overall PDF Seve ral
“, 400 ——— Background
N> 350—2 Nonresonant resonances are
S 300 — K270 ~K@x  decaying into
S 250 K{(1270) - Kp
§. 200_; K,(1270) > K o Kﬂ:_ﬂ:
SN K(1270) > K(1430)=  Which makes the
2] E .
2 004 K,(1400) - K (892) extraction of the
= ; K(1410) - K (892) .
- 50_g : ‘ 7 K2( 430) > K (892) K1 8|gna|_
0 15 3'5 4 § Kz( 430) - Kp challenging
M? (Km) (GeV?/c*) L K,(1430) > Ko
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s,
K.(1270) reconstruction b

e Now feasible also in ALICE with Run 3 data

. . x10°
e Very high | background IS expected: £ 161 ALICE Performance KK
o Combinatorial § - Injected MC | — oK«KI
o Correlated: 1.4 pp (s=13TeV — K'm K1
. - p.>1GeV/c
= resonances decaying into K77t 1.2 I;I|<o.5
1E
0.8
e Plans to reduce the background: .
o Boosted Decision Tree classifier 0.6
(combinatorial background reduction) 0.4
o Deep Neural Networks -
OW 1 | JALI 1 | 1

—

1.1 1.2 1.3 1.4 1.5
Mass (GeV/c?)
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Conclusions %

ALICE

e Resonances are a useful probe to study the evolution of heavy-ion collisions

e K*(892)"and K,(1270) parity partner resonances are good candidates for probing
chiral symmetry restoration in heavy-ion collisions at T, (chemical freeze-out)

o K* rescattering and regeneration processes have been characterized by the ALICE
collaboration using Run 2 data

o The reconstruction of the K, resonance is planned for Run 3, exploiting the
significantly larger data set and upgraded detectors
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K*(892)° ratios — comparison to models

ALICE
e Similar results obtained in all the collision 2 o5F /I\Ll|cl:E' T YT T
systems at the LHC < [ 1y1<05 — EPOS3+UrQMD |
System Collision energy ke - =117, CSM
2L pp 5.02 TeV -‘l; 0.4 ) HRG PCE i
1= p—Pb 5.02 TeV ¢ 1
W Xe-Xe 5.44TeV ==
¢ Pb-Pb  5.02 TeV 4

e Models:

O

o
W

EPOS3 with/wo UrQMD

A. G. Knospe, C. Markert, K. Werner, J. Steinheimer, and M. Bleicher
Phys. Rev. C 93, 014911

core-corona model w/wo hadronic !
interactions 0.2
y, Canonical Statistical Model '

V. Vovchenko, B. Dénigus, and H. Stoecker
Phys. Rev. C 100, 054906

ALICE Collaboration, Phys. Rev. C 109, 014911

ideal hadron resonance gas in 01'.|..,|...|...|...|...|...|'

equilibrium at the chem. freezeout ' 5 4 6 8 10 12 14
Hadron Resonance Gas Partial Chemical 1/3
Equilibrium model AN fdm) o5

A. Motornenko. V. Vovchenko. C. Greiner, and H. Stoecker
Phys. Rev. C 102, 024909
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