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\ Motivation

* At LHC energies same amount of matter and antimatter is

2D /4 measured (ug ~ 0)
time
4 f . * Light-flavor hadrons are the bulk of particle production at
T s~ Jon the LHC
HADROCHEMISTRY 20 O% '<T'E
= * (Anti)(hyper)nuclei are also produced
RE-SCATTERING { |
COALESCENCE * Results on LF production fundamental to:
THERMAL MODELS

= study collectivity = heavy-ion collisions

» investigate microscopic production models = large +

PARTICLE FLOW
(VISCOUS HYDRO) small collision systems

7

Pre-Equilibrium
Phase (< 1)

* Production mechanism usually described with several
z phenomenological models

\ = Statistical hadronization, coalescence, string
fragmentation, core-corona, ropes hadronization, ...
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Statistical hadronisation model (SHM) UM
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. . + o1 . = e 314, 3% _

* Hadrons emitted during phase min KK g KR, ey EeE ne g aTLTohe He PR
transition from a system in statistical R R
and chemical equilibrium

10° r . , . . . . . )
3 L : ; : ; s z : : : : : : :
107 Foee- L . ALICE, 0-10% Pb-Pb, |5, =i2.76 TeV

dN/dy

. ) SRR R R R N et VUL T R R
dN/dy x exp( m/TChem) i § : : : : : : Rt : : : : ]
& Notinfit ' : : : : : : : §
¢ Extrapolated : : : : : :
Model T(MeV) V(i) ¥?/NDF |: oA
— THERMUS 2.3 155+2 5924 =543  24.8/11 | (BR =25%
GSl-Heidelberg 156+2  5330+505  19.6/11 [ = :

* In Pb—Pb collisions works very well jo7 [ [iSHARES  186-3 aaeees  tsumf . iTT T
for all LF species

= nuclei (large m): large sensitivity
to 7-chem

® including nuclei and hypernuclei,
loosely bound states (typical
binding energy of nuclei ~ few
MeV )
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Andronic et al., Nature 561 (2018) 321-330
NPA 971 (2018) 1-20

chiara.pinto@tum.de Excited QCD 2022 - 24 Oct. 2022 3



Hadron coalescence models TUT]

* Hadrons are formed by coalescence of quarks close in phase space

e _,‘Q * Yields of hadrons are given by:
1 p;-do; d3Pi

N};:oalzgh/ l_[gi (271)3 Z f(xi, p) xfW(x1,...,xn:P1,...,Pn)

T

Wigner density of the bound state

T i=1

(iso)spin T

degeneracy factor phase-space
covariant distribution

functions of quarks

PRC 68 (2003) 034904
PRL 90 (2003) 202302
PLB 792 (2019) 132-137

* Bound state wave function usually
approximated by a Gaussian
(also other WF available)

o =1 N w ~ o b o 5
Wigner Function

-0.2

chiara.pinto@tum.de Excited QCD 2022 - 24 Oct. 2022



The ALICE detector TUT

, _ Inner Tracking System
Time O_f Flight tracking, vertex, PID at low p VO trigger, multiplicity estimators
PID via 8 (Minimum Bias: 0 — 100%, High Multiplicity: 0 — 0.1%)

,, * pp, p—Pb, Pb—Pb collisions at
2 ESSS s & various centre-of-mass energies
A i  excellent tracking and PID
capabilities over a broad
momentum range
" TPC: 04ggx ~ 5.5% for pp
Oge/ax ~ 7% for Pb—Pb
= TOF: gpp ~ 70 ps for pp
Opp ~ 60 ps for Pb—Pb
* low material budget

Time Projection Chamber
tracking, PID via dE/dx
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Light-flavor particle production with ALICE

e precise p; and centrality differential
measurements of various light-flavour
particle species in Pb—Pb collisions

 complemented by a large number of
multiplicity dependent measurements in
op and p—Pb
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Light-flavor particle production with ALICE UM

e precise p; and centrality differential LARGE SYSTEMS @ @
measurements of various light-flavour
particle species in Pb—Pb collisions e allows for the study of collective motion for non-

central collisions (flow coefficients)
 complemented by a large number of

multiplicity dependent measurements in
op and p—Pb
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Particle production in Pb—Pb collisions TUT

PRC 101, 044907 (2020

.;’:107 UPUUSLULLLL | UL L L T TTTTT T T TTTTT T TTTT] T T T TTTT] T
T = :
w3 10 T+ T
O] 5
| b 10' ...
LS 10tk )
. 2 10%k ,
| = v - Lo
v % 2 g, \ %,
10 : '
“ © 10 o Ny, %1, =,
3 Ny, "0y T
g N\
- y 0%.
107" N

s
10_2 \ Q":Q’o N~
.0 ** #-ll “0 .
10°° * X
4 ", *.,%
10° ALICE

10°F  Pb—Pb {5 = 5.02 TeV "~

30-40% x 27 | © | 40-50% x 2°

6 ] -60% 5 -70% 4
10 [+]pp 15 = 5.02 TeV 50-60% X 2 Esom/ X2
10’ Uncertainties: stat. (bars), sys. (boxes) 70-80% x2° 80-90% x 2°

— 1 IIIlIIII 1 IIlIIIlI 1 | ||||l|| 1 1 L. L 1111
108

107" 1 10 1

P, (GeV/c)

[¢]o-5%x 2" 510%x2'"° Ce, T

10-20% x 2°  * 20-30% x 2°

1 10
P, (GeV/c)

* Flattening of spectral shape at low p; more pronounced for heavier particles = hint for collective
motion (radial flow)
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(Anti)(hyper)nuclei production in Pb—Pb collisions TUT

EP_]C (2017) 77 658 PLB 754 (2016) 360-372
— L L L BN B T T T ~-L L ) L L L ) L B ) I T v e _
S ALICE Pb Pb \/_ 2. 76 TeV E e ALICE Prellmmary S 105 ALICE 0-10%
) deuteron, [y| < 0.5 | > 10 E *H 05 33 i H Pb-Pb \s\, = 2.76 TeV
S ol e, 4 & F e l<05 3 = | it NN
Q - ® % . —_ - ] ~
L1 Lo, T 19 = 1
-3 ' F ® 4 T a6l S _
|Z 1:)_2% me — | g 10 ; e g : $$
vV E g ® 3 2 = o - C
b T —— 1 %o B AL l:f:l ; 1 S iH—>3He+1t'
“ = 13 == =1 Z o0k 3 s s 4 1t
i s | Z 0% Pb-Pb {sy=5.02TeV R I Ao TenE
E e 0-10% (x4)  F 1 = ; I
L 1020% 2) T F + 0-10%  * 10-40% : : A
T+ 20-40% (x1) 2 - * 40-90% - Individual fit @ : o %_
10_4§.|....|....|....|....|....|....|....|E 107 :In-:.lllulll...51...1|..,.7[._: 0‘Hl‘l]lllléllllé”llilHléllllé””‘lllllls
2 3 4 6
10 pr (GeVic) p. (GeV/c) p(GeVic)
‘i F T T T T T T T rrTrTT T T T T T ':
S 06 reliminal o=
g‘i - QL-II(D:: vps_m: U502 Tev ;::g ]
i T 1+ Light (anti)(hyper)nuclei measured up to A=4, also in different
Ea E multiplicity classes
F 03F @ * Hardening with increasing centrality — as seen for other light-flavor
02 == E hadrons - hint for collective motion (radial flow)
0.1f— E é: D= _f
N R Sy S R Pb—Pb collisions
pT(GeV/c)
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(Anti)(hyper)nuclei production in Pb—Pb collisions TUT

ALICE Preliminary, \/SNN =5.02 TeV, 0-10%

= o (W+m)2 o (K'+K)2
= 10 (P+P)2 o d

S 10 t

> 1

©

Q10

g 10
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107
107° AT . :
s Blast-Wave fit of all light-flavor
el e — hadrons shows a common
107 e = T behavior for all particles,
10—8 | r"|’ [ | | I I | | L 1 1 1 | 1l 1 1 1 | | I I | | | | | I I | | | I I | from T[ tO a
0 1 2 3 4 5 6

7 8
p. (GeV/c)

Pb—Pb collisions
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Collectivity in Pb—Pb collisions

Initial space anisotropy in

non-central AA collisions

e azimuthal anisotropy of
particle emission wrt
symmetry plane

Particle azimuthal distribution can be
espressed as a Fourier series

dN
w < [ +2 Z \’,,COS(II((P F l{ln))

n=1

Y = n" symmetry plane
¢ = azimuthal angle
v, = flow coefficients

v, elliptic flow
v3: triangular flow

Flow reflects conversion of initial state spatial
anisotropy into final state anisotropies in
momentum space
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Collectivity in Pb—Pb collisions

Initial space anisotropy in
non-central AA collisions

0.3
* azimuthal anisotropy of &
particle emission wrt C/i
symmetry plane = 0.2
S-\

: : . Ql
Particle azimuthal distribution can be ‘;g, 0.1
espressed as a Fourier series

dN
— o< [ +2 'nCOS — ¥ 0
d(p + Z \,,us(n((p n))

n=1

Y = n" symmetry plane
¢ = azimuthal angle
v, = flow coefficients

v, elliptic flow
v3: triangular flow

Flow reflects conversion of initial state spatial
anisotropy into final state anisotropies in
momentum space

arXiv:2206.04587

30-40%

Pb-Pb \s,, =5.02 TeV
Inl <0.8

2 4 6 8
P, (GeV/c)

X + 0 m <

X

Ks
p(®)
AR)
q) —
=)

QQ)

Mass ordering at low p; = interplay between radial flow
and anisotropic expansion of the system

* |ntermediate p;: baryon-meson grouping = hadron
formation via quark coalescence in this range

chiara.pinto@tum.de
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Collectivity in Pb—Pb collisions TUTI

arXiv:2206.04587

Initial space anisotropy in — T T T T T T
non-central AA collisions Pb—Pb |5y = 5.02 TeV A}'giE Coql;iBT
* azimuthal anisotropy of 0.3-M<038 D KE KT
: - 10-20% i
particle emission wrt i p®)  p{d)
symmetry plane ¥ 0.2+ i
>N ’ _— L "
®
Particle azimuthal distribution can be 0.1 2Py . ; |
espressed as a Fourier series ' ,,‘:". ° .
dN St Hydro+coal+frag
d—oc l+221‘,,cos(11((p—‘11n)) 0_""": t 1 4 % f ¢ 1 j =
‘P n>1 1 2 3 456 7 8 9 10
Y = n" symmetry plane p. (GeVic)

v, elliptic flow

@ = azimuthal angle .
v3: triangular flow

v, = flow coefficients

Mass ordering at low p; = interplay between radial flow
and anisotropic expansion of the system

* |ntermediate p;: baryon-meson grouping = hadron

Flow reflects conversion of initial state spatial , , _ _
formation via quark coalescence in this range

anisotropy into final state anisotropies in
momentum space * Expectations from relativistic hydrodynamics are fulfilled
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Light-flavor particle production with ALICE UM

e precise p; and centrality differential
measurements of various light-flavour
particle species in Pb—Pb collisions

 complemented by a large number of
multiplicity dependent measurements in
op and p—Pb

SMALL SYSTEMS | © -0

* allows for the study of hadronisation mechanisms
* hypernuclei production is a key tool to distinguish
among model predictions
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Light-flavor particle production in small systems UM
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(s =13 TeV ]
filled symbols

* Progressive evolution of spectral shape at high
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= UL : pr with increasing collision energy
>, 2 "._ 410°

o fe s=7TeV ‘0, z

2k bol "o " 110 : :

§ 10_4 il e %a;‘ff;._‘ 10" ¢ Hard processes become dominant in the
s U © spen  lige production of high-p; particles

22 10_65r o o KE (x1/4) e o*p+p 9_..‘.0-‘_9_.;.., J10°

S | o=K3 (x1/16) Sl o v A+A (x1/8) RS

107 Fopoant 5 & sewmnl o % o gl R A AT .

T ol mmm, e,

> o " T eoem ]

Qg2 fe mme A Sy, !
S ,,,..-~~';;jj'.li;j,_..------@"ON;*, . T 1,0
= REST "

g s e :
T 10°F @Q'.:A;* % ** {10+
- E S . g - R E
& b (b) o Moo ]

o 10 0 40 ™

x b ooeKO4K e (d) | L oS

Q0¥ .. o e é
2" o (x1/2) & EL-L)

@

107 - Lévy-Tsallis fits

il NP | l
0.1 0.3 1

i ... ST TN , ,-;10*S
3 10 0.3 1 3 10 co"isions
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Light (anti)nuclei in small systems

TUT

JHEP 01 (2022) 106

= E 3 T =
’G = - 3 ~ 3 3 7]
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o Ei : o N = L4 “\~\ —7
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> 7/ = =N 1 F R S~ 3

—~l_2 T" — s :‘:1 7 B N\\‘~~ ]
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I’ :\.\: S E ______ E
10 S = B .
E pp, Is=13TeV "3 [ ppVs=13Tev T 10
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-5 N E 10—10
10" v ] - - N N PP BT B
0 1 2 3 4 5 0 1 2 3 4 5 6
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HM pp @ 13 TeV

* Focus on the HM data sample 2
narrow multiplicity interval covered
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Light (anti)nuclei in small systems

TUT

JHEP 01 (2022) 106
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10°

107

107

107

107

10°

107

3
b

HM pp @ 13 TeV

* Focus on the HM data sample 2
narrow multiplicity interval covered

Precise measurement of the

emission source size r.,. using

femtoscopy is available

= crucial to test the coalescence model
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‘Hadron-hadron correlation UM

Nature 588 (2020) 232-238

e ALICE is pioneering the study of ﬁ \ ﬁm\temmon \ ﬁ \

strong |nte.ract|ons u_smg 3 \ . Cormdlafion{Fundiion
femtoscopic correlations & ol \ ............ s’ S I N

. 7 ] Pz A chdiee Attractive

e Momentum correlations can be IR e
. by 0 0.5 1 1.5 2 11— —
- - r*(fm) |} | 0 T 3

employed to explore two-particle 1>. sarodnger [ cquatn ( B
dynamlcs 50 100 150 200

Two-particle wave *(MeV/c
K / K function|¥ (k*, r")| \ e y
* Correlation function depends on t
two ingredients: ‘

(o
(pp collisions: rgs ~ 1 fm 5 w0 53 % g Nexmal®)
i : ’ C(k — Yk , r d’r* = k*) .
Gaussian profile) k= J I#( )| $ (k%) Nmixed(K*)
= two-particle relative wave
function (quantum statistics + Measuring C(k*), f|X|ng the source 7 StUdy the interaction
Coulomb + strong interactions) relative momentum: k * = % D; — )|

CATS Framework: D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394
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proton-proton correlation M

PLB 811 (2020) 1358249 o
—~ —— T T * proton-proton (p-p) correlation is well known

% sl . ALICE pp Vs = 13 TeV b
[ 9 High-mult. (0-0.17% 'NZEDO) ] * p-p correlation function properly described by
a m; €[1.26, 1.38) GeV/c - using:
2.5 Gaussian Source - = Fermi-Dirac wave function
- olppepp . _ lomb i :
i —— Coulomb + Argonne v (fit)] Cou omb interaction
a _ = strong interaction
2# h
i I  Measurement of correlation function done for
- . several m; intervals
1.5+ -
i 1 * If the interaction is well known, hadron-hadron
L T correlation can be used to measure the radius of
1 1 1 1 I 1 1 1 IVI I\J 1 % lu \IJ 1 Ivl\juvluu

50 100 150 200 the emitting source

k* (MeV/c)
HM pp @ 13 TeV

(@)
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Characterization of the emission source size TUTI

* Assumption: particle emission from a PLB 811 (2020) 135849
. = SR EELELE BURLELS B LN BLALALE BN AL LA B Ny
gaussian core source E 14 F —
o = ALICE pp Vs = 13 TeV -
S 1.3 [ r S o _ —~
e Short-lived strongly decaying B - it | = righmuit. {60,170 INELHO) 2
resonances (ct S 10 fm) also taken 1.2 = E X3 " auselan, - Resonance Source 3
into account: mainly A (2*) 11 E o \ - -
resonances for protons (/) : S3 = -
1E S 0 =
. . F == = =
* Same my scaling obtained from both 09 E * pp — ~ =
p-p and p-A correlations = hint for ¢ | p-A (NLO) = =
universal emission source of baryons 0.8 £ == \ E
F = p—A(LO) .
e T T A o I T T I T I L1

I/r,” \fcoré\ \‘ 1 12 14 16 1.8 2 22 24 26
Ly g—0—— (m_) (GeV/c?)

\“\:::::_,_i % /// X pr
HM pp @ 13 TeV
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.putting pieces together

JHEP 01 (2022) 106
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0 E s asrsawyisw e e s raaos] Bossaasiyppreeaagag sl poseeg g 10
0 1 2 3 4 5 0 1 2 3 4 5 6
P, (GeV/c) P, (GeV/c)

Compute coalescence probability using:

/ A
BA(pT) EA 3 E, 403
Pp

14 A
pr=p1/A
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...putting pieces together UM

JHEP 01 (2022) 106

';\ 105 | R LT T | LA TSR B | = eaan o ) & ek w8 DS OARASU Ul & o b v I Monewmval @ & % X b @ o
(&) = - 3 N 3 T 7
s F, P+P)/2 3 | (*He +°He)/2
~ ’ EQ: = 2 = 3
) 1;’7*&%‘&.@*{ ALICE q E :.?A:.;: ]

ZlI°- E, e Co 00 i L ,—_:%: e - 107

°ls 3 0, Tig 0= {1 E° . S 510
A 10 1 "% e 1 Ceres == 3

= 10 k:— P LN = '{ g S~

< ] 3 ~ N ~ -8

3 Ce w1 3 = 10
L pp, Is=13TeV =] F ppis=13Tev i ek 3
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OoO— Compute coalescence probability using:
o9

3 FETVIRY Compare with predictions
d3N
B4(pr) =Ex dpjf/ E,——

of coalescence model

3
d pp Pr=p7/A
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...putting pieces together UM

JHEP 01 (2022) 106
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® . ] E oppfs=t13Tev = E 12 Y Gaussian + Resonance Source _J
1102 [OJHM (x8)  [S]HM I (x4) ~_. o4 L[em (e]mB T 107 - s S 3
v F [#HMI(x2) [o]HMm .3 E [elmBI [eJMB I 11 - S B S =
“- - - Lévy-Tsallis 1 [ --Lévy-Tsallis @10_10 L E S SS -]
S T S N S R S - PP SR S S - S § 7]
Q) o _ 1 t _ _ ~ = ]
S . d+d/2 1 [ _rwreq (CH+°H)/2 g i~ = =
S . 3 BE ! 2 L e S, ] . - -
E[=10TF, = s E e - S5 S ]
S E o s 1 o SO L 0s F = p-A (NLO) .
S bri = = Y “ S~ e s —
-5 I S N ) — = ]
IZ L b, S B P ~ §\ \ .
sl e | E T R - 2 | p-A(LO) § .
E PP, E=13Tev \\‘\ \\é :_pp’E=13TeV —: 10‘9 0.7 :I L PR I T T N TN T T [N TN SO T Y T T N M |\ __:
 [o]uMIGcd) - [o]HMI c2) R I : 1 12 14 16 18 2 22 24 26
HM 11 - --Lévy-Tsallis 1  --Lévy-Tsallis i 2
0 E s wrrsswy1swesamrsa ey ran pal Eewuaoisispesny POl PTG iarial T 10 <m-|-> (GeV/C)
0 1 2 3 5 0 1 2 3 4 5 6
P, (GeV/c) P, (GeV/c) o pT

Compare with predictions

p d3N 4 d3n,\ 4
B,(pr) =E E of coalescence model
AN TR dpy [ \"P dpd ) | shestsa

OoO— Compute coalescence probability using:
o9
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Testing coalescence model UM

B, measurements sensitive to the nuclear wave function HM pp @ 13 TeV
* HM data sample also used for the precise measurement of the source radii o
emission
% 25- ALICE . 3 l
S5~ - B o 3 - R2 (pT) q2
S - -
o 1°F ol Do) = [ &3 B, o S
: T e Y (9) = r|ga(r)| e
10 L nn d -]
E ::[]D . T
5 - B, x d/pz deuteron wave function (size d = 3.2 fm)
- |®|pp, V's=13TeV,HM |
0 - Gaussian Hulthen 1 Different wave functions are tested:
5[ YEFT Two Gaussians - * Hulthen: favoured by low-energy scattering experiments
L e Gaussian: best description of currently available ALICE
0.5 1.0 1.5 2.0 data
p /A (GeV/c) Blum, Takimoto, PRC 99 (2019) 044913
T Scheibl, Heinz, PRC 59 (1999) 1585-1602

KachelrieR et al., EPJA 1 (2020) 4
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The hypertriton

T

"deuteron” core

s, ooyt 4.9 fm (By= 2.35 MeV)
5 (on: ~10 fm (B~ 0.13 MeV)
A\

[1] M. Danysz, J. Pniewski, Philos. Mag. 44 348 (1953)
[2] Hildenbrand F. et al., PRC 100 (2019) 034002
[3] arXiv:2209.07360

* Lightest known hypernucleus
* Boundstateofp+n+A
e Discovered in early 50s by M. Danysz and J. Pniewski [1]

* Two-body halo nucleus

. /S{H approximated as a bound state of a deuteron and a A
with an expected radius of ~ 10 fm [2]

/?{H lifetime and B, reflect its structure

Weakly bound nature of XH is confirmed by the latest
ALICE measurement in Pb—Pb collisions [3]

" 1=[253+£11 (stat.) £ 6 (syst.)] ps

= Bj =[72463 (stat.) £ 36 (syst.)] keV.
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https://doi.org/10.1080/14786440308520318
https://doi.org/10.1103/PhysRevC.100.034002
https://arxiv.org/abs/2209.07360

‘Hypertriton production TUTI

% i ALICE p-Pb, &40%1,\/5_“:5.02 Tev | . iH//\ ratio provides a powerful tool to investigate
™ <1O_5_ = ALICE Preliminary pp, HM trigger,{s = 13 TeV B nuclear production mechanism
~ [ ¢ | ALICE Pb-Pb, 0-10%, |/s,, = 2.76 TeV g
[ BR=0268002 e "
I * Pb—Pb collisions:
= small difference between SHM and coalescence
[ predictions
o5l | * pp and p—Pb collisions:
B - 3-body coalescence = |arge separation between production models
i — 2-body coalescence ]| = good agreement with 2-body coalescence
- —SHM, Ve =dV/dy = tension with SHM at low charged-particle
) ~~SHM, V¢ = 3dV/dy | multiplicity density
= — "'1':)2 e '1'63 ' = configuration with V. = 3dV/dy is excluded by
<chh/dn>|n|<o_5 more than 60
[— —| @ @ O e
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https://arxiv.org/pdf/2107.10627.pdf
https://inspirehep.net/files/b2f729e63ef1290651d2c895240d24c3

Summary UM

® Light-flavor particle production studied in all available collision systems and energies with ALICE

® Small collision systems (pp and p—Pb) are particularly interesting
= test production models

® Large collision systems (Pb—Pb) are useful
= investigate collective motion

® Production mechanism still not completely clear
= stay tuned for new results with the upcoming LHC Run 3!
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(Anti)(hyper)nuclei production in Pb—Pb collisions

TUT

T 103 ALICE Preliminary, \s,, = 5.02 TeV, 0-10%
2 E o (T+m)2 o (K'+K)2
% 10 = ’ §p+6)/2 e d
O 1ok il
= E 2. o ‘He  ---- Combined Blast-Wave fit
> g e,
S E =g
Q 10 ST,
© = ., e —— o
= F ,——W‘M,% T o
% 10 :g S = ~"t\\:\°°\\ \\\\" 2
25 10_3;5 'l
= 10 —era— -
. s . N
10 :? == "I‘*--
100/
R =
10—7_§ _____ = E --------------
—8:I|r"/lll||||I|IIII|IIII|IIIIIIIII|IIII|I[II
10
0 1 2 3 4 5 6 7 8
P, (GeV/e)

» Blast-Wauve fit of all light-flavor hadrons shows a
common behavior for all particles, from it to a

Pb—Pb collisions

* Blast-Wave model describes the particle

distribution at the kinetic freeze-out as a result of

the expansion of a thermalized source

* The expanding source causes a mass dependent

hardening

* The expansion velocity and decoupling temperature

are free parameters of the model

; 0.2 :I I T T T T | T 1 T T T T 1 1 T T T 1 I T T T T | T T T T | T LI T | T T LI I :
S 0.18F 80-90% PRC 101 (2020), 044907
= 0160 % =
0.14F 3} . =
0.121- @ o ® E
0.1 ® %%‘ —
0.08— Global Blast-Wave fit to o
C 7(0.5-1 GeV/c) , K (0.2-15 GeVic) , p (0.3-3.0 GeV/c) 0-5% I
0.06 -+ (S =276TeV =
0.04 4 y5,-502Tev E
0 02_1 [ [ | l [ | [ [ B B | | T | I [ B | l [ | I [ | I I | | L]

' 03 035 04 045 05 055 06 065 0.7
®B)
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Collectivity in Pb—Pb collisions TUTI

PRC 102, 055203 (2020)

.. . . —— _I T I L | I T I T I LI l T I___,I LI B | I L I T l.l I L L I LI I L I_
Initial space anisotropy in non- ) T Data lc):lcglr;blnaede N ; %]
.. - —4 + -wav 27,7 =
central A-A collisions g 0.5 ALICE ; 7}2; g WS
* azimuthal anisotropy of - Pb-Pb \s\y=5.02TeV T ~ 5 -k JPrataligs
. .. o 0.4 L2 - - ;’,ED n
particle emission wrt =z %7 T ed+d -p+p L2 T ]
symmetry plane ,22.7 "1 Predicted . N
0.3 S oo g

d+d e % ]

i

Particle azimuthal distribution can be espressed as

R

B

'&'ﬁ g
i

H

IR

a Fourier series e B
L 10-20% 1
f--‘#*ﬂ" ]
dN *!1 P B
w o< |+2 Z V,,COS (n((p — lI’n))
n=1

(

Data/Model

Y. = nt" symmetry plane
¢ = azimuthal angle
v, = flow coefficients
v, elliptic flow
v3: triangular flow * Mass ordering at low py, increasing trend with p; and centrality
e Expectations from relativistic hydrodynamics are fulfilled

\
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‘Underlying event activity UM

Production in small collision systems can also be explored using the O O
underlying event (UE) activity t leading track

b=0

* Coalescence mechanism can be tested comparing the deuteron
production in jets, where nucleons are already closer in phase space,
with that in the underlying event

>
—

JET

Highest p; particle (p;'e@4 > 5 GeV/c) used as jet proxy

\‘

* 3regions in the transverse plane wrt leading track: \\\ |
= Toward: |Ad| < 60° (Jet + UE) UNDERLYING \ )
= Transverse: 60° < |A¢d| < 120° (UE) EVENT <
= Away: |Ad| > 120° (Recoil jet + UE) f \
- Jet = Toward — Transverse
Martin et al., EPJC (2016) 76: 299 RECOIL
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‘Underlying event activity UM

i T T T T T T T T T T T T T T T T |—| T T T T Lcadim‘gtraok .‘I_g B T T T T T T T T T T T T | T T T T | T T T —I | T ]

S (d+d)/2 = | =] Jet-like (d+d)/2 |

> 1023 [e | Transverse — o) = , e

0] - o) Toward x 2 . o - ---- Lévy-Tsallis fit 3

oy s = [a]Away x 4 . B ]

QL e REE W ---- Lévy-Tsallis fit ] - S 1

-g\ L =4 i\' _ B Efj """"""""""""""""""""" W ‘—
o e ]l Y= 2| T ‘ [

2 i RS A ] = E

© - ]

COU e R o e - T Jet = Toward — Transverse 1

3 10 C .~|"3\—| O _ | ] B o i

~ - ALICE Preliminary - RS i ALICE Preliminary ]
I pp, Vs = 13 TeV = Toward region (Jet + UE) pp, Vs =13 TeV

ead | .. | 10° ead 5 5 GeV/c E

L p2e > 5 GeV/c | - P E

IS R N W (NN TN SO T S NN ST ST SN NN SO S ST S N N ~|\“r I . C e b b e b T

0.5 1.0 1.5 2.0 2.5 3.0 [ransverse region (UE) 0.5 1.0 1.5 2.0 2.5 3.0
p. (GeVic) p. (GeVic)

e Deuteron production from events with a jet:

lead
pr*¢>5 GeV/c - The majority of deuterons is produced in the

. underlying event
 Jet: ~10% of total production
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‘Underlying event activity TUT

ettt
ALICE Pre“mlﬂary O under|ying event
10 pp Vs =13 TeV ® in-jet

* B,in-jet ~ 15 times larger than B, in UE

e Enhanced deuteron coalescence

B, (GeV?/c®)

§_ lead _§
- Py > Gevie B o d i probability in jets is observed for the
- 2 first time!
1 —
E i —e— ® E * Due to the reduced distance in phase
1 | i space of hadrons in jets compared to
10°

those out of jets = favors coalescence

(o FF——" .

04 06 08 1.0 12 14 16
p./A (GeV/c)
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proton-proton correlation

T

C(k*)

PLB 797 (2019) 134822

ALICE pp Vs = 13 TeV
rop=1.182 +0.008 ') 2% fm

[

-0.002 _:

O p—+ & p-P pairs ]
= Coulomb + Argonne v (fit) :
Baseline _

A e e e a el

k* (MeV/c)

proton-proton (p-p) correlation is well known

p-p correlation function properly described by

using:

= Fermi-Dirac wave function
= Coulomb interaction

= strong interaction

Source size can be extracted:
" rp~1.18 fm

If the interaction is well known, hadron-hadron

correlation can be used to measure the radius of

the emitting source
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\ Motivation

T

/\Q) _

\f\p-l;p—>3m+x

‘He+p—>Y

AMS-02
A

Distance to the Galactic Centre (kpc)

Antinuclei production:

* dark-matter annihilation processes

p+*He — 3He + X ‘
+w- . 0. A
Yy+y—-> W'W - He+ X GAPS
Voyager 1 —
B yAg He, p
0.100 100 ' 1

10
Distance to the Sun (AU)

Flux

Antinuclei cosmic ray flux

== == background
signal
—— measurement

Energy

pp, p—A and (few) A—A reactions between primary cosmic rays and the interstellar medium

To determine exact primary and secondary fluxes = precise knowledge of antinuclei production,
propagation and annihilation is needed
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Hadron-hadron correlation UM

ALICE is pioneering the study of
strong interactions using

femtOSCOpiC correlations ' Interacting potential Correlation function
i oL I I L
Momentum correlations can be ‘/r//‘\» S e S
. f O ] e S —— Attractive
employed to explore two-particle N - [Pa=pdl N
. - 2
dynamics Pe | ) SN
Emission source S(r*) Attractive| | T Repulsive
Correlation function depends on 0 05 1 L5 2 50 100 150 200
two ingredients: Schrédinger equation (fm) . k*(MeV/c)
- . Two-particle wave
* emission source function netion
(pp collisions: res ~ 1 fm, /
Gaussian profile [9]) . ¥ . - N () -
. 2
. . - - same
* two-particle relative wave Ck*) = fg(r*) Uk, 7| A3 = N(kY) -
function Nmixea (k™)
(quantum statistics + Coulomb Measuring C(k*), fixing the source S(r*), study the interaction

+ strong interactions)

CATS Framework: D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394
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\ Statistical models

TUT

 Hadrons emitted from a system in statistical
and chemical equilibrium

* dN/dy X eXp('m/Tchem)
= Nuclei (large m): large sensitivity to T .,

* Light hadrons are produced during phase
transition

e Typical binding energy of nuclei ~ few MeV
(Eg ~2 MeV for d)

= how can they survive the hadronic
phase environment?

Andronic et al., Nature 561, 321-330 (2018)

dN/dy/(2J + 1)

: T I T T T T I T T T T I T T T T I T T T T l T T T T I T T T T I
F oo+
10° £, Pb-Pb |5y = 2.76 TeV, 0%-10% centrality j
E K+ :
102 e +
- B from the fit: ]
101 = ‘..:'!‘... . rom e TIt: -
; '.f., ; 7-chem =156 MeV ;
100 E ¢ ’... E
- 2 E
10°" * 4 <
o, :
1072 )
-3
o;t' :iH
107 ® Data from the ALICE Collaboration F 3
10°° Statistical hadronization N .
108 Total (after decays) “‘\f‘He
-------- Primordial -T‘
10—7 I I - | — l I l I — Ll I I l 1 1 l P 1 I 1 | I —
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Mass (GeV)
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Coalescence models TUTI

 If (anti)nucleons are close in phase space (Ap < pg) and match the spin state,
they can form a (anti)nucleus

° - 3 * Coalescence parameter B, is the key observable
o ’
d3NA dng
Baol) =, 2 /(
o) =Ea 2 [\ B s ) | s

1PRC 99 (2019) 024001 e Experimental observable tightly connected to the coalescence probability
2PRL 123 (2019) 112002 Larger B, < Larger coalescence probability

* Coalescence probability depends on the system size

/O Small distance in space @ Large distance in space
(Only momentum _ - (Both momentum and
correlations matter) @ space correlations matter)

< large Ba < small Bi
ppl, p—PbZ: ro= 1-1.5 fm Pb—Pb3: ro= 3-6 fm
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