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= In heavy-ion collisions, the interacting system evolves through different stages and then
cools down: hot and dense partonic matter — phase transition — chemical and kinetic
freeze-out

= Light flavor mesons are the most copiously produced particles in the final state

= Measurements of light flavor hadrons are used to probe the collective evolution of the
system, test the phase transition, properties of the system at chemical and kinetic freeze-out,
the particle production mechanisms and reaction dynamics.



Beams at the LHC

Experiments at the LHC study the properties of strongly interacting matter at
extreme temperatures and energy densities

SIATLAS

EXPERIMENT

Study of system size and collision energy dependence of particle production
with the same apparatus using different data samples

System Year Energy (TeV)
pp 2009-2013 0.9,2.76,7, 8
2015,2017 5.02
2015-2018 13
p-Pb/Pb-p 2013 5.02
2016 5.01, 8.16
Xe-Xe 2017 5.44
Pb-Pb 2010-2011 2.76
2015-2018 5.02
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Particle identification, ALICE
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= Invariant mass method:

Counts / (7.5 MeV/c?)

15

Particle reconstruction, ALICE

= Secondary vertex reconstruction and topology cuts
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combinatorial background is
estimated with mixed-event or like-
sign pairs

remaining background is described
with a polynomial

signal is described with a

predefined peak model (Breit-
Wigner or Voigtian function),
estimated by bin counting etc.



Particle spectra in heavy-ion collisions

Phys.Rev.C 101 (2020) 4, 044907
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= A variety of hadrons measured in wide py ranges at different centralities

= Spectra become harder with increasing multiplicity (flatten at low py), most pronounced for heavier
particles — expected from collective hydrodynamic expansion (radial flow)

= Similar hardening of spectra has been also observed in high-multiplicity pp and p-Pb collisions
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Mass-dependent hardening manifests itself in <p;> increasing with multiplicity

Steeper increase of <p;> in smaller collision systems

Modest hardening of particle spectra with increasing collision energy

In heavy-ion collisions <p;> is independent of the size of colliding nuclei (Xe-Xe vs. Pb-Pb)

In central heavy-ion collisions particles with similar masses have similar values of <p >,
expected from hydrodynamic flow

The mass ordering of <p> is violated in peripheral heavy-ion collisions as well as in pp and p-Pb
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Baryon-to-meson ratios in heavy-ion collisions

Phys. Rev. C 101, 044907
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Baryon-to-meson ratios in heavy-ion collisions
arXiv2 10103100

1.4IIIII|IIIIIIIIII | I_"'lll | iIIIIIFIIIII_-'

O 44K
© - ALICE
m L o 2 -
12 " Pb-Pb |s,, = 5.02 TeV, 10-20% (open symbols) | Pb-Pb \s,, =5.02 TeV, 60-70% (open symbols) |
T (dN_Jdn) = 1180 + 31 + (dN_/dn)=96 £ 6 ]
- Xe-Xe Ys,, = 5.44 TeV, 0-10% (full symbols) + Xe-Xe (S, = 544 TeV, 50-70% (full symbols) -
1j (dN _/dn) = 1053 + 25 T (dN_/dm)=91£3 ]

0_8;@(P+5)3¢X0-1 4 i

[ [=](p+P)(r*+1) S ==
- o e T
0'6_ ¢ $olfalt=" " R
oL WEEE =, o0
. E ; o 1r 5 :E
0.2k , u
: | | i | h
0 1 2 3 4 50
P, (GeV/c)

= p/¢ratio is almost constant vs. py at intermediate momenta in Pb-Pb and Xe-Xe
collisions — spectral shapes are driven by particle masses:

v' consistent with hydrodynamics
v recombination models are not ruled-out (V. Greco et al, PRC 92 054904 (2015))

Meson - 2021



Baryon-to-meson ratios in small systems

Phys. Rev. C99 (2019) no.2, 024906
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Qualitatively similar behavior for three systems, from peripheral to central collisions:
v’ depletion at low p;

v' enhancement at intermediate p
v’ consistent at high p

Smooth evolution with multiplicity between the collision systems at given p
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Blast-Wave model fits to /K/p spectra
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Kinetic freeze-out temperature decreases, transverse flow velocity increases with multiplicity
Consistent results for Pb-Pb and Xe-Xe at similar multiplicities, 7;;, ~ 100 MeV < T

pp and p-Pb are also consistent but with larger values of <> at similar multiplicities

T, stays constant in pp and slightly decreases in p-Pb, T}, ~ 160 MeV ~ T, = earlier
decoupling compared to heavy-ion collisions

Color reconnection (Pythia8) mimics radial flow-like effects in pp collisions
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Particle yields in pp and p-Pb vs. dN_/dn

PLB 807 (2020) 135501
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Hadron yields increase ~ linearly with multiplicity, consistently for pp and p-Pb collisions
at different energies

Hadrochemistry is driven by event activity rather than by collision energy or size of the
collision system

Qualitative description by models
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p/m and K/ ratios
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At similar multiplicities, particle ratios are consistent for different collision systems at different Vsyy

— driven by event activity rather than by type of colliding nuclei and/or collision energy

p/m shows a modest decrease with centrality at the LHC, consistent with antibaryon-baryon annihilation

in the hadronic phase, which is more important in dense systems (Phys. Rev. Lett. 110, 042501)

Increasing K/m ratio is consistent with strangeness enhancement
Meson - 2021
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Strangeness production: pp, p-Pb, Xe-Xe and Pb-Pb

Nature Phys. 13 (2017) 535
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Strangeness enhancement increases with strangeness content and particle multiplicity
Ratios saturate in peripheral A-A at values predicted by statistical hadronization models

Smooth evolution vs. multiplicity in pp, p-Pb, Xe-Xe, Pb-Pb collisions at Vsyy = 2.76-13 TeV

STAR measurements in Cu-Cu, Au-Au at Vsyy = 200 GeV are in agreement with ALICE p-Pb

results at similar <dN_/d77>. Results from pp collision at s =200 GeV are consistent within

the large uncertainties with ALICE results

Origin of the strangeness enhancement in small/large systems is still under debate
Meson - 2021
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dN/dy ratio
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Strangeness enhancement for ¢(1020)

Phys. Lett. B807 135501(2020)

= ¢ with hidden strangeness is a key
probe to study strangeness

enhancement
v {/m increases with multiplicity in
pp/p-Pb = not expected for
canonical suppression
v' ¢/n saturates in Pb-Pb and is
consistent with thermal model
predictions

Ratios ¢/K and =/¢ show weak dependence on multiplicity
— ¢ has an effective strangeness of 1 or 2
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increasing lifetime —

Final state yields of resonances depend on:

v resonance yields at chemical freeze-out
v’ lifetime of the resonance and the hadronic phase
v type and scattering cross sections of daughter particles

Meson - 2021

p(770) | K'(892) | X(1385) | A(1520) | =(1530) | $(1020)
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AN

K*(892)%K and ¢(1020)/K ratios

PLB 802 (2020) 135225; PRC 93 no. 1 (2016) 014911
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smooth evolution of K™K and ¢/K ratios with
multiplicity from pp to Pb-Pb

¢/K ~ constant — decay outside of the fireball

K*(892)%K is suppressed going from pp to
central Pb-Pb collisions — rescattering
becomes dominant over regeneration

EPOS3 with UrQMD afterburner reproduces
the trends

Meson
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Assumptions: K*0 decaying before kinetic freeze-out are
lost due to rescattering, regeneration is neglected

1'had.phase/
T

(K*(892) 0/I<)kinetic = (K*(892) O/K)chemical Xe
(K'(892) ¥K)chemical ~ (K'(892) %K),
(K'(892) UK)yineric = (K'(892) 77K)pppy,

v lower limit on the hadronic phase lifetime ,
Thad phase ~ O~/ fm/c in central Pb-Pb
v" smooth increase of the lifetime with system size
17
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p/m, K™K, /A, A°/A, E™/ E and ¢/K ratios

p(770) | K'(892) | >(1385) | A(1520) | =(1530) | $(1020)
CT (fm/c) 1.3 4.2 5.5 12.7 21.7 46.2

Orrescatt GrOxn GrOK GrOA GKOp GrO= OKOK

ALICE Preliminary
¢ p-Pb {Syy = 5.02 TeV

O Pb-Pb Y5, =2.76 TeV
& Pb-Pb Y5, = 5.02 TeV
@ Xe-Xe ljsN =544 TeV

ALICE
* pp fs =276 TeV

Particle Yield Ratios

® pp s =7TeV

¢ p-Pb sy, =5.02 TeV
® Pb-Pb Y5, =2.76 TeV
+ Pb-Pb |5, =5.02 TeV

_.
<

+ Xe-Xe VSNN =5.44 TeV

STAR
* pp fs = 200 GeV

X Au-Au ys,, = 200 GeV

1072

1 1 L L 1 I{IIIIILI

0 2 4 6 8 10 12 14 16
1

(N _ "™

I R B!

T — EPOS3

-= EPOS3 (UrQMD OFF)

ALI-PREL-482261

= Suppression is for short-lived p°, K*(892)°, £(1385)* and A(1520) — dominance of
rescattering over regeneration; no significant effects for longer lived Z(1530)° and ¢(1020)

= EPOS + UrQMD qualitatively describe the trends; consistency between RHIC and the LHC
= Hint of the finite lifetime of hadronic phase in high multiplicity pp/p-Pb
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Polarization of vector mesons

Non-central heavy-ion collisions:

Impact parameter
direction

beam direction

large angular momentum due to medium rotations
(PRC 77 (2008) 024906, Beccattini et al.)

very high magnetic field (~ 10'* T) formed for a short
period of time (NPA 803 (2008), Kharzeev et al.)

10°

b=4fm —
b=8fm
b=12fm s

] i
Hard Sphere H
] 10t |

Woods-Saxon

109 b %

eB (MeV?)

1.5 2 2.5 3
7(fm)
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b (frlli)

Light quarks can be polarized by
Jland |B|

If vector mesons are produced via
recombination their spin may align
Quantization axis:

v normal to the production plane
(momentum of the vector meson and
the beam axis)

v normal to the event plane (impact
parameter and beam axis)

Measure as anisotropies in angular
distributions:

dN
dcos@

= No[1 — poo + c0s26(3pgo — 1)]

Po o 1s a probability for vector meson to be
in spin state =0 — pg o = 1/3 corresponds
to no spin alignment

Measure using K*(892)% and ¢(1020)
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Results for K™ and ¢ vs. p.

PRL 125, 012301 (2020)

0.5F Event plane )T Event plane I I (b}l- 0.5

0.4F + 40.4
ik ﬂ “H 1 .iiiig.*...ﬂ ........ i .
‘“02_ H __i _02“ " Pgo ~ 1/3 for:

H ~p,, =13 v pr(K) > 2 GeV/e and p(d) > 0.8 GeV/c
0.1F + 40.1
o . . v KQ with zero spin
0.5F Prf_l)ductilon pllane I (cjll-- PrcI:-ductilon pllane I (d:;- 0.5 v K and (I) n Pp collisions
oal ﬁ loa v K* and ¢ with random plane in Pb-Pb@2.76
uodpot- Dbt -+ * o
20.3 sﬁ' 1 ﬁ? 'ﬁ" Jos s * po < 1/3 for K and ¢ at low py in semi-
E central Pb-Pb@2.76 collisions

0.2f E + Ho.2

0.1F + 40.1

0.5F Ralndorr': planle I [e:;-- Flalndorr: planle I (f)l-0.5

K® o

0.4F .H + H0.4
os -'""E'HHE’H“H"' _._..F“;M...g ........ Hos .

0.2k ALICE 1 ®Pb-Pb (10-50%) d02

lv] < 0.5 Cpp
0.1r T #KZ, Pb-Pb (20-40%)7°1
1T 2 3 4 5 1 2 3 4 5
p_ (GeVic) p_ (GeV/c) Meson - 2021
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Results for K™ and ¢ vs. p.

0.8 - ALICE Preliminary ]
| OK*®, pp \s = 13 TeV (min. bias) _
- BK*, Pb-Pb | s, = 2.76 TeV (10-50%) s
- ®K*°, Pb-Pb | s, = 5.02 TeV (10-50%) .
0.6 =K, Pb-Pb | 5 = 2.76 TeV (20-40%) ~
[ |yl <05

0.4 %@%@%ﬂﬂ%ﬁ ------------------- ‘H """""""" _

ozl
Uncertainties: stat. (bars), sys. (boxes)

3
Q

0 1 1 1 | 11 1 | 11 1 I 11 1 I 11 | I
0 2 4 6 8 10
P, (GeV/ce)

ALI-PREL-155839

= Results are now confirmed with new preliminary measurements for K™ in Pb-Pb@5.02 TeV
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Results for K™ and ¢ vs. centrality

PRL 125 012301 (2020)

F’roductlon plane Productlon p!ane
0.5f “* -10.5
Py = 1/3

0.4 T 410.4

LN I (LU N

0.2 T Pb-Pb, 1‘,' =2.76 TeV —10.2
0.1|#04<p, <1.2(GeVic) | ®05=<p, <08(GGWC) Joia
" |#3.0< p,< 5.0 (GeV/c) #3.0 < p,< 5.0 (GeWc) ’
1 L 1 1 1 I l
Event plane Event plane ALICE
05F F{Q g 1t ¢ -10.5
©0.8<p <12 (GeVic) vl <0.5
0.4 »3.0< p <5.0(GeV/ic)|| + ﬂ, ﬂ 404
(=] o
< 0.3F nﬂu ﬂ + i l 5-0.3‘“
0.2} * + ﬂ 40.2
' e05<p_ < 0.7 (GeV/e)
il T ¢30<p <50(@Gevic) 1%
1 1 1 1 1
0 100 200 300 0 100 200 300

(N_ ) (N .

part part

= Low pr(0.8-1.2 GeV/c for K*?and 0.5-0.7 GeV/c for ¢): Results for ppand centrality

v Poo < 1/3 in semi-central PbPb@2.76 by 2-3 & dependence of py, are

R ) . qualitatively consistent with
High pr (3-5 GeVie): quark recombination in a

v’ poo ~ 1/3 polarized medium
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*0
K p00

Energy dependence

NPA 1005 (2021) 121733, Singha et al.

STAR Preliminary, 10-60%, 1.2 < P, <50 GeVic 0.4
® Au+Au ’
? " ® - ¢ B
0.3~ |-~ ® TaN *
o o e
STAR Preliminary, 20-60%, p_ > 1.2 GeVic
0.2} T P
|_. @ Au+Au
ALICE, 10-50%, 0.8 <p_< 1.2 GeV/c ALICE, 10-50%, 0.8 < p <12 GeVic
-
m Pb+Pb 0.2|- = Pb+Pb
10 10° 10° 10 10? 10°
\'Snn (GEV) \'San (GeV)

" poo for K*is smaller than 1/3 at low p in semi-central heavy-ion collisions; no
significant collision energy dependence within uncertainties

" Poo for ¢ is > 1/3 at RHIC and is < 1/3 at the LHC

= Observed large deviation of py, from 1/3 challenges theoretical understanding — py,
can depend on multiple physics mechanisms (vorticity, magnetic field, hadronization
scenarios, lifetimes and masses of the particles etc.) — more theoretical efforts are
required for understanding of the data
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High-p hadron production, R, ,

i - hislpb_F,bl( ALICEI) .| h*, p-Fl’b sN,\I, = 5.02I TeV, NISD (ALIICE)

R 1 d?N g 4/dprdy OC 1.8F Ah Pb-Pb(CMS) — * v,Pb-Pb s, =276 TeV,0-10% (CMS)
AA — 2 & [ 5, =276TeV,0-5% | W Pb-Pb s, =276 TeV, 0-10% (CMS)]
<N¢o1> A“Npp/dprdy s 1.6p + ¥ Z°,Pb-Pb s, =2.76 TeV, 0-10% (CMS) -

@ 14} - .

Measurements in pp — baseline for : ;
. 1.2f I ;
comparison, tests and tunes of pQCD | § f _____________________ _
calculations ' ﬁ% E
0.8 I -

If nucleus-nucleus collisions is a 0iE W )
superposition of NN collisions — R, ~ 1 0sl %ﬁ % ﬁg H 2 4 @
R, o # 1 points to collective effects 05

v e b b b b by by b by
00 10 20 30 40 50 60 70 80 90 10

p. (GeV/c) or mass (GeV/c?)

ALI-DER-95222

In central relativistic heavy-ion collisions a dense and hot partonic medium (QGP) is
formed — partons traversing the medium loose part of their energy — R, < 1

The QGP is transparent for weakly interacting particles (W*, Z%) and photons, R, ~ 1
— test of N, scaling

Measurements in p-Pb — probes of initial and final state effects (gluon saturation, py
broadening, energy loss) and nuclear PDFs
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High-p hadron production: pp and p-Pb

aerv 2104. ()3116
= 10°F T T T 7 T
O 'ALICE T ) p—Pb V=816 TeV (3]
> = 0 =X 3<y<03 norm. unc. 1.9% -!
3 107 3 1 pp. s=8TeV (o] o
o -z F = Iyl < 0.8, norm. unc. 2.6% 7
b&m ok ¥ =%k N TCMfit - -
o8 “F 5 R 1
w - X & 1
10° = 3
- ':!- 1:
= E 3 X
10°F =+ E
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a ¥ ’ 8
>
(]
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=
=
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©
fa]
= . g
2 8 pPb NLO, PDF:nCTEQ15 4o.
= ~ : E=3 1'|:O FF: DSSO7 n FF: AESSS
03 T30 203000 20005 T 5567590 20 30 40
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012 —
nU

10" o

107 8

10° &
©

10° 5[5

107 W

10°

10°

10*

10°

10%

=  New measurements for 1t° and 1 in pp/p-Pb collisions over an unprecedented kinematic
range (up to 200 GeV/c and 50 GeV/c, respectively) — constraints for nPDF and FF
functions over a wide range:
v" NLO calculations generally overestimate ©° and 1 spectra; steeper falling spectrum at high py
v' PYTHIA 8 describes the data but without fully capturing the spectral shapes

n/n ratio is fairly well reproduced: at py > 4 GeV/c it is 0.479 + 0.009(stat) + 0.010(syst) in p-Pb
and 0.473 + 0.006(stat) £ 0.011(syst) in pp

Meson - 2021
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R pPb

Measurements up to 200 GeV/c probe larger Q?
R,py, is consistent between ¥ and n

Significant suppression of R p, at low pr:

v" reproduced by NLO, ECEL (energy loss) and CGC
(gluon recombination)

R,p,~ 1 at pr > 10 GeV/e, slightly lower compared
with CMS measurements for charged hadrons —
negligible final state effects

R, py, for charged hadrons exhibits an enhancement
compared to ¥, — stronger Cronin effect for
baryons

Hint of stronger suppression at higher energy:

v" consistent with larger shadowing in nPDFs due to
the smaller x probed at higher energy

v' consistent with the increasing relevance of gluon
saturation by the CGC calculations
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ALI-PREL-489935

= At high py > 8 GeV/c, production of light hadrons is similarly suppressed — no
dependence on hadron properties (mass, baryon number, quark content)

= At intermediate 2 < p; <8 GeV/c:
v" mass ordering of R, for mesons — indication of the radial flow

v' baryon-to-meson splitting (proton vs. ¢) — difference in shapes of pp references
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Summary

Light-flavor hadron spectra become harder with increasing multiplicity

Mean transverse momenta show mass ordering in central A-A collisions, the ordering is
broken in peripheral collisions as well as in p-Pb and pp

Enhancement of baryon to meson ratios at intermediate py hints at collective motion of the
system

Blast-Wave fits allow to extract common expansion velocity and kinetic freeze-out
temperature

Relative particle abundances are driven by the final state multiplicities rather than by
collision system size or energy

Strangeness enhancement smoothly evolves with multiplicity, increasing ¢/ ratio does not
support the canonical suppression scenario

Short-lived resonance yields are suppressed, the hadronic phase lifetime > 5-7 fm/c, a hint
of finite hadronic phase lifetime is observed in small systems

R, 5 factors for light neutral mesons are consistent at high pr, measurements in small
systems are used to tune and test pQCD calculations

Spin alignment for K™ and ¢ vector mesons is qualitatively consistent with quark
recombination in a polarized medium, more theoretical efforts are required for
understanding of the data
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Baryon-to-meson ratios: pp

Phys. Rev. C99 (2019) no.2,

024906

T T T T T T T30 T T T L
= 0.50 < p,=< 0.55 GeV/c I 240< Py % 2.60 GeVic

T T 1 T Ll T
4 10.00 <p.< 15.00 GeV/c

(k) §

(x1.5) (1)
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In|<0.5

FeJALICEpp (s=7TeV, |y|<0.5
— Pythia8 Monash NoCR

-= = = Pythia8 Monash WithCR

----- DIPSY Color Ropes

-.=- EPOS LHC

‘=.. HERWIG7

No unique explanation for baryon-to-meson ratios in small systems

Pythia8 with color reconnection and DIPSY with color ropes qualitatively describe pp data

EPOS-LHC over-predicts effect by collective radial expansion
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