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ALICE

Physics Motivation
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ALICE: A heavy-ion physics experiment

ALICE

15 thousand miillion years

> Study matter :
* At energy densities like 10 us The Big Bang - |
after the Big Bang. o .

e At temperatures 10°times larger
than in the Sun core.
> Study QCD
e Without confinement.
 With quarks at their bare masses.

But also:
e Study QCD in the non-perturbative

regime.

Y helium
lithium 1).9112020_03
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ALICE

arXiv:2010.15503v2

155 MeV
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https://arxiv.org/abs/2205.13998
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Hydrodynamic
Evolution
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Mid Rapidity

ALICE
n, K, p, ...
! Tro
s~ Jon Region accessible through
resonance measurements.
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Pre-Equilibrium

a) without QG

=

b) with QGP
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Resonance study

ALICE

rescattering

pseudo-elastic elastic regeneration
scattering scattering

Kinetic freeze-out

Chemical freeze-out

K* I K Long-lived hadron
yields fixed
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ALICE

Good probes to verify the
presence of hadronic phase
in nucleus - nucleus
collisions and study its
properties.

They have lifetimes
comparable with the
hadron-gas lifetime.

Regeneration and
rescattering processes in
hadronic phase affect
resonance yields and
transverse momentum (pr)
spectra shapes.



Resonance properties

ALICE

wit + dd

Quark composition

___________________________ Voo o T
r(fm/c) 1.3 36 @ 42
Decay [ nn Kem o Kmno
Sk | 100 333 666

- Study the hadrochemistry of particle production.

- Study the in-medium energy loss via Raa.
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unknown uus dds Uss uds USS SS
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ALICE
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The ALICE detector

ALICE
- Time Projection Chamber (TPC) - Inner Tracking System (ITS)
- Gas-filled ionization detector - 6 layers of silicon detectors
- Tracking, vertex, PID (dE/dx) - Provide tracking, vertex

- Time Of Flight (TOF)
e e e T S TS, - PID through particle time of flight

- VOA and VOC
- Trigger, centrality/multiplicity estimator
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,/=v - 2010 2.76
v 2011 2.76
2015 5.02
2018 5.02
2017 5.44
2013 5.02
2016 5.02, 8.16
2009-2013 0.9, 2.76, 7
2015-2018 8, 13

Run 1 and Run 2

P. Ganoti NSTAR 2022 10



Radial flow

ALICE

Radial flow: predicted by hydronamics in AA due to the higher energy density.
* The only type of collective flow in AA collisions with impact parameter b = 0.

e Affects the shape of particle spectra at low pr.

p=mpy

Common velocity field By fixed = mass dependence
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Features of baryons - radial flow
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Hardening of the spectra with increasing
multiplicity = caused by radial flow

Affects all produced hadrons

ALICE
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Strangeness enhancement

ALICE

Phys.Rev.C 99 (2019) 2, 024906

[ I IIIIIII| I IIIIIII| I 1 T I T T4

I W ® 0 000K (a9 - Yield ratio of hadrons and resonances with different
strangeness content to pions:

¥ R

Ratio to pions

- )(3s), are more enhanced than =(2s)

- =(2s), are more enhanced than A(1s) and K(1s)

__

— Q (x 35.0)
i / ALICE -
pp \s=7TeV, lyl <0.5
p-Pb |5, =5.02 TeV, 0 < Yoy <02 —
I
0

1072

Pb-Pb \/ Syw=2.-76 TeV, lyl <0.5 _
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10° 10°
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Features of resonances - suppression at high multiplicities
- ALICE

Phys. Rev. C 106 (2002) 034907

051 (a) STAR, \ 5\ = 200 GeV ”
i * pp ¢ Cu-Cu = Au-Au ]

- NOT all of them though...

‘ Ratio of K*/K (to cancel strangeness) shows gradual decrease

O 25 ¥ ,Fﬁ : with the system size—effect of rescattering
[ ALICE, \s (TeV) " "5
04L PP 0276 =502 0O7.0 -
- P-PD B 5.02 E What drives this decrease?
o Pb-Pb ™ 276 502 -
< | (c) STAR I 200 GeV _ . the lifetime of the resonance

¥ pp* X d-Au* ¢ Cu-Cu x Au-Au*

0.2} i _ - - the cross sections for rescattering and regeneration
- processes

the time duration of the hadronic phase

0.1 | -
= Thermal Model T, =156 MeV _
— EPOS3 -:- EPOS3 w/o UrQMD =~ -

0 2 4 6 8 10 12

1/3
(dN_ /dm)
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Resonance reconstruction - Analysis strategy

ALICE
Resonances are reconstructed via the invariant
mass technique
103 arXiv:2205.13998
Minv — V(El + E2)2 - (171) + ]72’))2 CGJ 900 :_I I rm 1 1 1 I rm T 1 1 I rm T 1 1 I rm 1 1T 1 I rm 1 1T 1 I rm 1 1 1 I r 1 1 I_j
= - D ALICE .
= 800 . Pb-Pb, {5 =5.02TeV,0-10% —
Uncorrelated background is calculated via event < = f ot R =
mixing or like-sign techniques = 700 - W At S 2(1385) + cc -
v 600 F- Ao ™y, 3.5<p <45 GeV/c S
- — ‘ T -
PID from TPC, TOF for the daughter tracks 3 500 - Hh -
O - £ . =
. . Data (stat. uncert. * m
» Residual background: Correlated pairs or 400 E +C b( d: ) ot =
misidentified decay products, usually modelled by 7 —— Lombined it -
a po|ynomia| function 300 :_ ---- Residual baCkground
200 E_ — Extracted Signal 2(1 385)+ _E
> Signal : Fit the event-mixing (or like-sign) = -
subtracted distribution with a Breit-Wigner or 100 - —
Voigtian function (signal function) and the OB S L1
polynomial background 1.3 135 14 145 15 1.55 1.6 .65
M, (GeV/c?)

> Yields are calculated by integrating the signal
function
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Baryonic resonances measured by ALICE
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400 — — Combined fit — 4 7
i -- Residual background : - 5
ool Extracted signal > 2 ]
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e S [ B T
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> 8 70-90% - > 40- 50% > ! 0-10% A
% : -e- data - % 60F % i
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=~ 6k — global fit 4 = yl< g
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S - = residual bkg. S =
o o )
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0.1F .
: ALICE Performance -
; Pb-Pb, |5, = 5.02 TeV -
v oo by o by by by s s by
Q515 e e 65 17 175
M (GeV/c?)
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ALICE

ALICE has measured
mesonic and baryonic
resonances in all systems
and energies

Here, selected results from
Pb-Pb collisions at
6 Vsnn =2.76 and 5.02 TeV
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Baryonic resonances pr spectra

ALICE

B . A(1520) + cc. — A(1520) in Pb—Pb collisions at Vsnn = 5.02 TeV

v <0.5 |

~ 0-10% (x10°) —

1Q-30% (x10%) ] . . .
Measured pr spectra in different centrality classes

. 30-40% (x10%) - are compared with Blast-Wave and MUSIC

~ —_—

40-50% (x10%) hydrodynamic models with SMASH afterburner

50-70% (x10) — Blast-Wave: good description of the data

— MUSIC with SMASH: underestimates the data

~ 70-90% (x10%)
104 - --- MUSIC+Smash -

—— Blast-Wave (w/K/p) .
~ _@— ALICE Preliminary, Pb-Pb,ys = 5.02 TeV

~

-6 ! ! ! | ! ! ! | | | |
107 > 4

5 3
P, (GeV/c)

Hardening of the spectra with increasing
multiplicity — radial flow
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Qualitatively similar observations as for
heavy-ion collisions regarding the shapes.
Collective flow-like effects in small

collision systems

P. Ganoti

Ratio to 0-100%

Baryonic resonances pr spectra

pp collisions at Vs = 5.02 and 13 TeV
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Baryonic resonances pr spectra

ALICE
arXiv:2205.13998
1;\ 10 lllIllllIllllIlllllllllIlllllllllllllllllllllll
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(\5/ 1 0—1 . —— = =
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25 10°° = VOM Multiplicity Class . |y <05 25 10°% = VOM Multiplicity Class =——*—— |y [<0.5
~ & 0-10% ~ - 0-10%
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+50-90% +50-90%
10~/ [ -- Blast-Wave fit +pp, Vs =7TeV 10~/ [ -- Blast-Wave fit +pp, Vs =7 TeV
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10— I N N N N N N N NN N N N N N N N N N N N N N N N N NN A N N N —8 [ I T N T T T T N T O N T N T T T T N T T T T T O T T T T N N
0 1 2 3 4 5 6 7/ 8 9 10 10 0 1 2 3 4 5 6 / 8 9 10
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First measurement of 2(1385)* in Pb—Pb collisions
Similar lifetime with K* that is suppressed in central Pb—PDb collisions
Resonances exhibit radial flow
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Baryonic resonances pr spectra

arXiv:2205.13998

ALICE

810 ALIGEPo-Pb, {5, =502TeV . eroswmuaun 5 EPOSS:
e [ O S A P . §5?§,X§,'}{’n”gta‘ﬂ,ﬁ“"[5 Semicentral and peripheral collisions:
% i * | No significant difference is observed between the
° L R _| calculation with the UrQMD afterburner and without it.
= - i o 4 Data are described within 20-30%
g10 E_ H———+—— % ! ! ! ! % _E
8 — 30-50% " >(1385)" + cC 1 The 2(1385)* production is overestimated by ~ 60% in
% B L 1 most central collisions and pr <5 GeV/c
S
1 — —
610‘__‘ PYTHIA8/Angantyr:
Bk - Semicentral and peripheral collisions:
E [ 9090% Y g, 1 The X(1385)* production is underestimated by a factor 3
£ F { to4uptopr~6-7 GeVic
©
15 —

o
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W
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o
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ALICE
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10—5 L ___ Boltzmann fit N 1084 ]0-10 (x2% * ] 10-30 (x2°) o ]30-50 (x2°) =
= __ EPOS v3.107 = = [0 ]50-70 (x2) 4 ]70-100 =
| " - _9 | . . . ]
6 Uncertainties: stat.(bars), syst.(boxes) = 10 S !L!Jr!]cfe!r!te!u?t'l?sl'!sit?t!' !(t!)?r'S!),! S!):SL! (!b!O!XF!S)! e e e
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0 1 =2 3 4 5 6 . ' ;
'DT (GeV/C) o 1"%M """""" e —— E
— . . . @) - = | —O—T—— _
=(1530)* is the third baryonic resonance E gk e | ; §
. - —4— [ ) ] -
measured in ALICE Run 1 and Run 2 data e TR . ou SR SN SRR

0 1 2 3 4 5 6 7 8 9

Longer lifetime than A(1520) and 2(1385)* p_ (GeV/c)
T

Resonances exhibit radial flow
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ALICE
>\ 02 _I 1T | T | T T | L L T L L T 1T I_ >\ [ [ [ T T 1 | I | | I T T 1 I I I I T T 1 |
O B - .
> 0.18[ ALICE, p-Pb - g 1 ALICE Preliminary —
_O : : [ o 0) f 0 T_ + E"' - H ]
016l ¢VSw=5.02TeV, Eur. Phys. J.C 80,160 2020) | = [ =(19307+=(1530) 5 =n"+ = -
[ ¢Preliminary s, =8.16 TeV i} - Uncertainties: stat. (bars), total syst. (open boxes), 'H' .
014 ] - uncorr. syst. (shaded boxes) —
- VOA event multiplicity classes - 10~ B
012 0<y<05 - 0 E " -
0.1 A(1520)+ A(1520 R : ; " op, P-Pb < :
. - B # e | pp13TeV —
0.08:— i - ol EE o | pp 13 TeV INEL B
0.061— " H ] 10 — g o | pp7TeVINEL =
L : - Eur. Phys. J.C 75 (2015) 1 1
0.04 [ H i B E ¢ p-Pb 5.02 TeV, -0.5 < Yo < 0o |
_ _ - E Eur. Phys. J. C 77 (2017) 389 -
0.02— K Uncertainties:stat. (bars), sys. (boxes), — 3| + | Pb-Pb2.76 TeV B
- | | ulncor. |sys. (clshadeld boxles) | | - 10 =B ALICE Preliminary =
OO 5 10 15 20 25 30 35 40 45 50 | | [ 1 1 1 1I|O | | | [ 1 1 I1I |02 | | | [ 1 1 |1||03
<chh/d ) ] < 0.5 (dN _/dn)

| ch 7|<0.5

Resonance production is driven by the multiplicity - doesn’t depend on the system size or the
centre-of-mass energy
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Mean transverse momentum

Pb-Pb, Vsnn = 5.02 TeV: Phys. Rev. C 99 (2019) 024905

TN 1 | o | o | o | o | o | o

8 2 51— Pb-Pb, sy = 2.76 TeV ]
% | —— = EPOS v3.107 -
5 - = =« EPOS v3.107 (UrQMD off)

N i Pb-Pb, \s,, = 5.02 TeV ]
-~ - —— = MUSIC+SMASH // 7
Q. | === MUSIC (SMASH off) A

~ 5 Blast-Wave (n/K/p) -~ __—
 A(1520) + cc. .
|yl < 0.5 -
1.5( ¢ Y _
| / / ALICE Preliminary ]
| + H PP, \[E =7 TeV _

L ¥V p-Pb, sy = 5.02 TeV

- ® Pb-Pb, \/SNN =276 TeV |
1 | | | ® Pb-Pb, \/SNN =| 5.02 Te|V ]

0 2 4 6 8 10 12
1/3

(dN _/dn)
ch
P. Ganoti

ALICE

(pr> values increase with increasing multiplicity and are
higher for the higher centre-of-mass energy

Models that do not include a hadronic afterburner do
not reproduce the data

NSTAR 2022 23



Particle ratios

-3
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$ ~  ALICE Preliminary pp, Pb-Pb: |y| < 0.5 5 Ilfl] _ ALICE Preliminary . pp,1Pb+Pk\)/. ¥l <0.5 -
| - = L PP13TeY . | - 2(1530)° + E(1530)° » Ewr + B o PP 1318 .
£ 3 515300+ F(1530° - Ent + B e | pp 13 TeVINEL — <) - "= - - e 1 pp13TeVINEL -
—~ - PP — = 0.6 [— Uncertainties: stat. (bars), total syst. (open boxes), [ ] pp 7 TeV INEL —
o — Uncertainties: stat. (bars), total syst. (open boxes), [ o ] pp7TeVINEL u = B uncorr. syst. (shaded boxes) Eur. Phys. J. C 75 (2015) 1 |
|(x] B uncotr. syst. (shaded boxes) Eur. Phys. J. C 75 (2015) 1 | |(x] B [ & ] pPb502TeV,-05<y <0 _|

cms

ot 25 --0n. PYTHIAS (7 TeV) & ] pPb502TeV,-05<y_ <0 —] St e E\Fﬁm'é‘f ((S_F;,Z -5reO\QTeV) Eur. Phys. J. C 77 (2017) 389
) i DPMJET (p-Pb 5.02 TeV) Eur. Phys. J. C 77 (2017) 389  _ ") 0.5 B GSI-Heidelberg (Pb-Pb 2.76 TeV) [ ] ,I:EICP)E %ZeGIir-;?r?;r ]
— - GSI-Heidelberg (Pb-Pb 2.76 TeV) [ 4 | Pb-Pb2.76 TeV _ — u '-I,'-ISIhE=R:\/I588MeP\£) N Y -
o T =156 MeV ALICE Preliminary — - HERe M(ev- 76 TeV) -
B _ B = _
- E E - 0.4 _ -
- N - bl " ]
— — 03 — | a —_
- t N 0.2— % —
B ] I- | -II -II -I | 11 | ] ] ] I 1 111 | ] ] ] 1 1111 | ] ] ] N O 1 B ] ] L1 1 11 | ] ] ] L 1 111 | ] ] ] 1l 1 1 11 | |

1 10 107 10° 10 10° 10;
dN_,/dm) cT =21.7 fm (AN /)

<0.5
In|<0.5 nl

=(1530)/m increases in small systems as expected, and =(1530)/= is rather flat (strangeness canceled).
Some trend is seen in larger systems — need more precise measurements

P. Ganoti NSTAR 2022 24



Particle ratios

ALICE
< I I I | I I I | I I I | I I I | I I I | I. I . I | I I
—0.15 — - MUSIC+SMASH ALICE Preliminary __
o — MUSIC (SMASH off) H pp, Vs=7TeV _ _ _
© [ —.0CsM vopb (s-502Tev | Gradual decrease of the pr-integrated A(1520)/A yield ratio
o APp. /5= 13 Tev 1 from peripheral to central Pb—Pb collisions
— = pp, Vs =5.02 TeV
= i ¢ Pb-Pb, \(s,, =2.76 TeV |
= ® Po-Pb, {5y =5.02TeV 1 Thermal models overestimate the data
0.1— STAR, \s = 200 GeV —
: H opp DA SATT MUSIC with SMASH afterburner reproduces the trend
i ‘ :\ﬁ\ """ | observed in data
- __
0.05[~ T, =156 MeV \ﬁ ]
- —— THERMUS xS \\@ -
| GSlI-Heidelberg § g ~—
JEREY SHARE3 1 B
| T, =138 MeV,y =1.63,v =2.08 _
IBEELEE SHARES |
O | I | | | I | I I I | I I I | I I I | I I I | I I
0 2 4 6 8 10 12
(N /dn)'"
cTt=12.6 fm
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Particle ratios

ALICE
x107° arXiv:2205.13998
-’l_; 12i ALICE | STAR | -
hy e VSuy =502V ¥ AU, Yoy = 200 Ge Within the uncertainties, no particular trend with multiplicity is
B  ® p-Pb, \/s,, =5.02TeV op, Vs = 200 GeV observed
QAL 10 O pp, Vs=7TeV (INEL) ]
~ I ‘Hei |
O : - ?—Cshl=H1e5%e|1/?ee\r/g r.mdel : Evidence of suppression with respect to the grand
A S[ T PhPh, EPOSwInUGMB. 7 canonical thermal model is observed in central collisions
-)<+I I — Pb—Pb, EPOS without UrQMD
2 Bf ﬁ { ﬁ 1  EPOS3 with UrQMD qualitatively describes the data but
- H | - overestimates the yield in all collision centralities
_ I _
4r | - .
2] op, Pythia8 - _ o .
: ; Future higher precision measurements are needed to clarify
Ol — Porb PYTHIMAnganbT L whether there is a suppression with respect to pp or peripheral
1 10 100 1000 Pb—PDb collisions
dN /d
cT=~5.5fm < ch 77Iab>|77|ab| <0.5
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Particle ratios

ALICE

~ -

0%/ (x12.0

|

ALICE Preliminary =(1530) and ¢ that live longer show a flat
o p_Pb SNN=5-02 TeV - - - . .
" behaviour with system size within the

O Pb-Pb \s,, =2.76 TeV . ]
Vo uncertainties

TP Pb-Pb |5, = 5.02 TeV

THeXe NS TY L owever, it seems that A(1520) is more

) ALICE suppressed than the K* that has a shorter
X pp Vs =2.76 TeV r g
lifetime

Particle Yield Ratios

—h
<

® pp Is=7TeV

* PP sy = 5.02TeV The observations result from the interplay

of various parameters. Regeneration

may play a more important role in K* than in
Xe-Xe sy = 5.44 TeV /\(1 520)

STAR
1 0—2 | X pp Vs =200 GeV

B Pb-Pb |5, = 2.76 TeV
+ Pb-Pb |5, = 5.02 TeV

| A Au-Au ys,, = 200 GeV

1 | | 1 | | 1 | | 1 | | 1 | | 1 | | 1 | | 1 | EPOSS

0 2 4 6 8 10 12 14 16 PPRere o oN

(dN_fdn)'® ...
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Nuclear modification factors (Raa)

ALICE

AN A/dpy
Rap =7
(Neon)dN,,/dpy

V2N

. - pr distribution in pp collisions
Number of binary collisions, Ncoi.
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Nuclear modification factors (Raa)

Another way to explore rescattering....

B ! ! ! ! I ! ! ! ! ! ! ! ! I ! ! ! ! I -
o ALICE
" Pb-Pb | s, = 5.02 TeV (0-10 %)
e T+
n KT+ K
¢ p+p
K*O
* O B

0.5

15 20
p. (GeV/c)

P. Ganoti NSTAR 2022

ALICE

pr<2 GeV/c:

K* Raa values are the smallest —

effect of rescattering

Rescattering affects the resonances in this pr
region

2< pr<8 GeV/c:

- hadron mass dependence for mesons.

- Protons have the highest values of Raa—
baryon-meson ordering

pr > 8 GeV/c: similar Raa values for all hadron
species within the uncertainties —

the relative particle composition at high pr
remains the same as in vacuum

Similar plots are needed for baryonic
resonances

29



ALICE
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Look at the invariant mass distributions of KK

pairs

Prominent signal peak is seen for f2(1525)

0.107

O
=
o0

Counts / (0.02 GeV/c?)
= O
o -
~ M

O
=
N
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ALICE Performance

pp, \s =13 TeV, VOM (0-100%)
ly| < 0.5

1< p_ < 10 GeV/c

= Data
—3rBW +
----Residua

Residual BG ]

~~
il
~
-
i
-
-
S
i
L ]
L.
]
-
.....
-

Search for higher mass resonances

ALICE
=(1820)
3
&\ 8§1IOI | I | | I rm 1 1 1 I rm 1 1 1 I rm 1 1 1 I | L I rm 1 1 1 I M 1 1 o
S | pp \s=13TeV,INEL>0 =
% 6:_ + 1.5<p_<20 GeV/c, lyl <0.5=
o 4F + =(1820) +£(1820)' - AK +AK* =
% oF : + ALICE Preliminary +_
c P Lo u
= O_— ..' “‘ | L T+
3 F v y T 4 |+_ +Hr qE
_oF S =
—4F -
—6F — Residual Background-
X i L Breit-Wigner fit =
L1 | L1 | L1 | L1 | L1 | | | I L1 1 1 I L1 :
17 175 18 185 19 195 2 205 2.1
M, . (GeV/c?)
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Angular hadron-resonance correlations

ALICE

The study of the resonance production yield and properties

_ _ _ _ can probe the partonic phase created after the collisions
Leading particle = jet axis (Physics Letters B 669 (2008) 92 - 97)

szirgg?;‘ggfa[[gg‘ High prresonances can probe this phase if they are created

(no medium) A@ =0 early by jet fragmentation

AP = Pieading = Presonance

Hadron-resonance angular correlations could serve to select
resonances coming from the jet or out-of-jet region

ALICE Performance Pb-Pb \s, = 5.02 TeV
. :
o) & . Resonances fom | SRS
Resonances from '~ B thermal production T O <pr™ <10 GeVie
jet fragmentation 5 S Ap =1/2, Ap = 31/2, % 30_5. _____.--...____............pfresonance <pl_?ading <30 GeV/c
(within the medium) oo O 257
AQ =T T 20-
O
> 15
O
@ 10
E 5
0y

e resonances from jet region: IAnl < 0.6
e the resonances out of jet region: IAnl > 0.6
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Transverse spherocity

Y
n
Isotropic (So— 1) —
\b\\\ //: §
Q /

v\\:\\ /////v X (:'?)/ 1

" /AN~ :

‘/ \\‘ %
Q 10

)

2
2102

ZCI.)
g 2
K*+measured in spherocity classes, 7. 15
in high multiplicity pp events at 2 1

Vs =13 TeV o
ks 0.5
0
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Resonances In transverse spherocity classes

ALICE

Event shape observable, sensitive to hard (S¢o—0) and
soft processes (So—1). It can be used to distinguish
isotropic (dominated by soft QCD) and jetty (dominated by

hard QCD) pp collisions

ALICE Preliminary
pp, \s =13 TeV

— o b —
3 I (I- 1l1) VOM Mult. class =
5:.:|:‘2|1=l=_.:¢: (K* + K*)/2, |y | <0.5 -
i R b
B
- ¢ Isotropic (5%) . —2 .
_ » . i
- . SOIOT -integrated —
= @ Jetty (5%) o .
~ Uncertainties: stat. (bar), syst. (box) 7
e .
— e == = |
S i
: o & 1 @ :
175 2 25 3 35 4 45 5

p. (GeV/c)
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ALICE Preliminary
pp, \s =13 TeV

(I- 11l) VOM Mult. class
(K* + K*)/2, |y | <0.5

:

¢ Isotropic (20%)
p_=1
B S,  -integrated

® Jetty (20%)
Uncertainties: stat. (bar), syst. (box)

=

70 75202530 3540 45 50

p. (GeV/c)
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Summary

ALICE

> Resonance production is
independent of the collision

energy and system and it is
driven by the event multiplicity o p9, K*0, 2*= A* are suppressed in most
central collisions with respect to small

collisions systems.
¢ with T = 46.4 fm/c is not suppressed

> More precise results in the
future and multi-differential

analyses

> Rescattering is the dominant process in
the hadronic phase for short-lived

- Higher mass resonances resonances (T <~15 fm/c)
are being explored
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