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Physics motivation B

ALICE

* Multi-baryon states are produced in
Pe; high energy hadronic collisions at
: the LHC

* Their production mechanism is still
under debate

* Two classes of phenomenological
models:
- = Statistical hadronisation
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Statistical models 3

ALICE
T :_ I I T I T I T j
: : .. 10° E g Pb-Pb =2.76 TeV, 0%-10% centralit
* Hadrons emitted from a system in statistical e s T
and chemical equilibrium CE E
101 e ]
$: = ]
* dN/dy o< exp(-m/T ) o e ;
—~ ., 2 s
= Nuclei (large m): large sensitivity to T ., + 10 g .
W
: : . S 102 -
* Light nuclei are produced during phase g
e

transition (as other hadrons) 10% e E
1074 @ Data from the ALICE Collaboration 't';.t E

* Typical binding energy of nuclei ~ few MeV

10°° Statistical hadronization

(EB ~ 2 Mevfor d) 108 Total (after decays) ~.fH9 b

. . . F memmum Primordial f f

= how can they survive the hadronic phase jor L

. 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
environment (T~ 156 MeV )? Mass (GeV)

= In Pb-Pb collisions, particle yields of light flavor hadrons
are described over 9 orders of magnitude with a common

Nature vol. 561, 321-330 (2018) chemical freeze-out temperature of 7., = 156 MeV.
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Coalescence models I,

ALICE

» |f (anti)baryons are close in phase space and match the spin state, they
can form a (anti)nucleus

. e
‘ * Coalescence parameter B, is the key parameter
g

* Experimental parameter tightly connected to the coalescence probability
‘ Larger B, <>Larger coalescence probability

* Coalescence probability depends on the system size

Small distance in space Large distance in space
(Only momentum correlations matter) (Both momentum and space correlations matter)
< large B, < small B,
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The ALICE detector B

ALICE

* General purpose

experiment
‘ * Excellent tracking and PID
- — P % | capabilities over a broad
- TR i

momentum range
* Low material budget

—> Most suited detector at the
LHC for the study of
(anti)nuclei produced in HI
collisions
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The ALICE detector B

ALICE

Inner Tracking System

Time Of Flight
VO
* General purpose
experiment
‘ * Excellent tracking and PID
- — P % | capabilities over a broad
- TR i

momentum range
* Low material budget

—> Most suited detector at the
LHC for the study of
(anti)nuclei produced in HI
collisions

Time Projection Chamber
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Low p nuclei identification B

ALICE
Low p region (below 1 GeV/c) = PID via dE/dx measurements in TPC

Phys.Rev.C 93 (2016) 2, 024917

 Excellent PID for deuterons

- 10°

= Oge/ax ~ 6.5% (in Pb-Pb collisions)

g * (anti)*He well separated from the other

&5 particle species over the full momentum range
=

£

3 10°f

W

©

1 l 1 1 11 l 1 1 1 1 I L L 1 1 l 1 1 1 1 l 1 1 1 1
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p/z (GeV/c)
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Low p nuclei identification B

ALICE
Low p region (below 1 GeV/c) = PID via dE/dx measurements in TPC
O ikl s ks * Excellent PID for deuterons
= Oge/ax ~ 6.5% (in Pb-Pb collisions)
g * (anti)*He well separated from the other
&5 particle species over the full momentum range
o
= 2 N L L B BN B
£ 3 ALICE ® Data
’ 5 © | Pb-Pb, |5,,=5.02TeV, 0-5% — Totalfit
o 10°F 9F 2<p_<3Gevic,|n <08 - °H
W . - 3He
o RAW YIELD EXTRACTION

From no distribution
for each p;interval

1 1 1 1 I 1 1 | 1 l 1 1 1 1 I 1 L 1 1 l 1 1 1 1 l 1 1 1 1

-2 -1 0 1 2
p/z (GeV/c)

.Illlll‘l}‘lllllllll

- 0 2 4
dE / dx - {dE / dx),

TPC — He

Physics Letters B, 805, 135414 Ode 7 dx

|
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High p nuclei identification

ALICE
Higher p region (above 1 GeV/c) = PID via velocity f measurements in TOF

—
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TOF B
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ALICE Performance
p-Pb, \/sNN =8.16 TeV
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High p nuclei identification

ALICE
Higher p region (above 1 GeV/c) = PID via velocity f measurements in TOF
Phys.Rev.C 93 (2016) 2, 024917
. 1.1 3 o T T %R ' ‘ T | | Y TR R A o 4500 -
L :, ' ! = - ALICE, Pb-Pb 0-10%, |5, = 2.76 TeV
o & ] 3 4000 26GeV/c< p. < 2.8 GeVlc
1 O - T
: 3500
0.9F = 3000
- . - —@ Data
0.8 = 2500 —— Sign. + Backgr.
'; : 2000 } - BaCkgr
0.7/2 = 1500 F-
- . 1000 [
0.6} ~ -
‘ . 500 —
ALICEPerformance; EI\|II\I|I\\I|\\II‘\III‘III\'\I\\‘I\\\'II\I‘I\
T o-Pb, {5 =816 TeV 2 45 1 05 0 05 1 15 2
b . m?-m? (GeV%c?
0.4 gh ] d
E’ 1 1 1 1 | 1 17
0.3 0.4 i > 3 4 5678910 RAW YIELD EXTRACTION
From TOF m? distribution
p (GeV/c)

for each p;interval
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Light (anti)nuclei in Pb-Pb B

ALICE
EurPhySJC 77 (2017) 10, 658 — LA L B B B B B B
— e L L L L L L R ) ot
§ - ALICE Pb-Pb {5, = 2.76 TeV S ALICE Preliminary
o) i deuteron, 0.5 o
8 L < 8
Z|S = —
SO MD% > =
© =
AF T, o 107E ‘, E
102} gy — ) ) =
E m@m @ E E = . s S h_"‘-‘_\ =
; o T ;
L s z 10° = ; e =
8 — < - CO g “®ie: e deuterons, Pb-Pb\s,, =5.02 TeV =
10 = 0-10% (x4) = = 10_4; haas S T e 0-5% (x512) Vo o 5-10% (x256) ]
E v 10-20% (X2) ::: E Ew‘ 10-20% (x128) 20-30% (x64) =
- i - 30-40% (x32) 40-50% (x16) =
+ 20-40% (x1) 1078 Co= o 50-60% (x8) o 60-70% (x4) —
1074 = — o 70-80% (x2) e 80-90% (x1) =
RERN REREN = & ---- Individual fit o ppINEL \s =13 TeV™
o 1.5 |Il _g 1 0 INEL normalisation uncertainty: 2.55% _g
IS 1; _; [ B R R B [ IS T N NN N T SR N N SR R N A R R
05E- Y , = 1 2 3 4 5 6
SEEN IR ! =
155 = GeV/c
S e < OONOCELOTR [ . : _ _ Py ( _ )
05 = ¢ prspectra fitted with Blast-Wave function = Extrapolation to
£ A | T ! H 3 .
o 3 E unmeasured regions
L * Hardening with increasing centrality — as seen for other light-
P, (GeVie) flavour hadrons = Collective motion (radial flow)
1
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Light (anti)nuclei in Pb-Pb B

ALICE
Phys.Rev.C 93 (2016) 2, 024917

C'\I_I = 1;\ H I T T T T T T T T T T I T T | T T T T | T I T T | I T

ORI ALICE, Pb-Pb, | s = 2.76 TeV § 0 ALICE Preliminary
> = T . g .
D - EZ @ = He, ly| < 0.5 3
Y) - S - e e -
= | - e 3 = r — =t ]
10" T EEE.] He Q B 7 7
.§: = EEE q: g 1078 - — m _ -
3 : e = - :4': . - :p .
Q" 7 i r:’j I:F mZ B —~% - .
810 ® | 0-20% “ O B ]
C\|5 ; s - =
3 : ® | 20-80% 3 10_6 E_ Pb-Pb \/ SNN =5.02 TeV - _E
= -8 T E * 0-10% . -40% E
NZ 10 e Individual fit I:TD = 0-10% 10-40% —
° @ -« 40-90% -~ Individual fit :
_1 cao e v by | L1 | R BRI ‘1 AR 10_7 ;_ ce v by e by e e by b I_:

0 1 2 3 6 7 2 3 2 5 6 7

p. (GeV/c) p; (GeV/c)

* Similar behaviour observed also in 3He spectra
 Hardening with increasing centrality — as seen for other light-flavour hadrons = Collective

motion (radial flow)
| ]
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Light (anti)nuclei in Pb-Pb 10

ALICE

%107 x107°
‘7:0-1 2 _I LI I 1T 17T I 1T 171 | T I% T | LU | L | T 1T I_ 1.—: T T I I | I I I I | I I T I ] % I T LI T I ] T I T T ]
Gl o0 1 2D os - —
> o ALICE Preliminary 0% 1 > —  ALICE Preliminary He =
[0) o ) = e ME .
¢ 01— Pb-Pb |/, = 5.02 TeV —10-30% - & [ Pb-Pbys, =502TeV o*He
—~ L ly| < 0.5 30-50% —~ 05— lyl<0.5,0-10% ]
Q | { ., 4 9 F -
2 B 17 2 04 —
=z [ T 1 =z F -
% 0.06- o S | -
0.06 T - — R - @ —
> B + ot . 3 0.3— —
z f Tt 1 2% E
0.04— ———4 ; 0.2 { —
002 I [ ¥ 1 ] 01 '__ J A __
B E . ~ O ® B
0 _I 111 I L 11 1 I 11 1 1 | 111 1 | | I | 1 11 1 ] [ T | | L1 1 1 | 11 I_ O B 1 | | | | | | | 1 | | | | | I | | 1 | I 1 | | 1 I | 1 | | | | | | 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 0 1 2 3 4 5 6 7
P, (GeV/c) P, (GeV/c)

 Light (anti)nuclei up to “He have been measured

* released in summer 2020

| 1
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Blast-Wave fit of p; spectra B

ALICE
T 108 ALICE Preliminary, \s,, = 5.02 TeV, 0-10%
§ , o (TH+m)/2 (K*+K)/2
10 .
3 (p+p)i2 o d Pb-Pb @ 5.02 TeV
© 10 — \
g 1
Q 1o
S 10 « Blast-Wave fit of light flavour
= -2
= 10 ) hadrons — from i to a
-O '/ S~ ‘__5\\\\ ‘~\\‘
= 103k / —mL * 3H and 3He p; spectra are of
Z o L TR the same order of magnitude
~— ﬁs&ﬁ.ﬁzEE.E‘ o= SSL. T~ .
5 e e N = Considered comparable for
10 = h i
E the ratio-to-protons
10/
______ e
1077 —/_‘__——"' E§E E “““““““““
10—8||r"|’||||l||||||||||||||||||||||||1|||||||
0 1 2 3 4 5 6 7 8
P, (GeV/c)
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Ratio to protons — model comparison

ALICE
l’\ RN EY AR A LR o

= )
Q. 0.005 Thermal-FIST CSM (PLB 785 (2018) 171-174), T_ = 155 MeV N C
+ UUUOIT v _3dvidy —V.=dvidy 1 9 105 h
8 ~ —Coalescence (PLB 792 (2019) 132-137) N 9 - E
.y B N o _ _
© 0.004 [ Multiplicity Classes: o L = -
ol —  VOA (Pb-side) for p-Pb = H S O - _
" VOMforppand Pb-Pb .- | U || 1 ®© :
0003 L P | | oC , CSM (Thermal-FIST), T = 155 MeV
- = g 108 e — V,=dV/dy ---- V,=3dV/dy
B | ra’ Coalescence —
- . - -~ - Three-body -:-: Two-body .
0.002— - - -
B ’ i - [®] ®He + °He, p-Pb, 5.02 TeV -
- +] Pb-Pb, 2.76 TeV T - [¢] °He + °He, p-Pb, 8.16 TeV (Prel.)
0.001— (0] Pb-Pb, 5.02 TeV (Prel.) (@] 2« *He, Pb-Pb, 2.76 TeV [#] 2 « *He, Pb-Pb, 5.02 TeV (Prel.) -
o [+ p-Pb, 5.02 TeV . [#] 2« °He, pp, 7 TeV [®] 2 « °H, Pb-Pb, 5.02 TeV (Prel.)
il (0] p-Pb, 8.16 TeV (Prel.) 1077 = [©1°H + °H, p-Pb, 5.02 TeV *He + °He, pp, 13 TeV (Prel.) |
0 Cov ol 1 Co vl 1 Lol 1 1 — 11 i i o o1 iil \ | i i il | N
1 10 10° 10° 10 10° 10°
dN _/d
<chh / dnlab>|n |<0.5 ( ch nlab>|ﬂ | <0.5
lab lab

* Smooth transition across different collision systems and energies
* Light nuclei production seems to depend only on multiplicity = under investigation

e Results challenge the models for A=3 nuclei
| ]
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Coalescence parameters VS p,/A 13

ALICE
CGG —I I | IPbI PIb I I ! Isloé -Il- {/ | I I | I ! ! I | I I I | o
o Syn = V- e
N r AP s - 20-30% i Pb-Pb @ 5.02 TeV
8 107 30-40%  © 40-50%  © 50-60%  * 60-70% =
~ E ¢ 70-80% 80-90% o ppINEL 1s=13TeV 1 . b L : :
mN — Q ZI INEL normalisation uncertainty: 2.55% a Rlse Wlth IncreaSIng pT/A (espeCIa”y at
- OoTereeelll - . higher multiplicities)
-2 —
PE s O FITEIET_ - : : .
N Ol S O pdnn S In O ] ¢ Trend with p;/A in Pb—Pb collisions
L @,, o Tiﬂff —eteTele - described by hydrodynamic calculations
109 EEeTere e eTeees = ‘ : — with afterburner
E DEonO00A3 o ° = - (Oliinychenko, PRC 99, 044907 (2019))
[ R ALICE Preliminary -
i %o deuterons, [y| < 0.5
10_4 : | I | | | | | | | | | I | | | | I | | | | I | | | | | | ?
0.5 1 15 2 2.5 3

pT/A (GeV/c)

| ]
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ALICE

{‘6(-)‘\ EI I T 1 | T 1 T 1 | 1T T | | | T T 1 | 171 | | | I@
N °He, ly| < 0.5 §
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ST ] M T
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g 10° o] L& | —
- ] * 40-90% -
i ¢ i

5 [ 8 ¢ ]
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pT/A(GeV/c)

GeV*/ch)

To107°

B

107°

1077

107

* Also for B; observed a rise with increasing p/A

(especially at higher multiplicities)

Chiara Pinto

Coalescence parameters VS p,/A 14

T T T I T T T l T T T l T T I%I T | T T T

= ALICE Preliminary — 0-10% =
- Pb-Pb \s,, = 5.02 TeV . i
- |y| <0.5 | — 10-30% _
3 30-50% =
- 50-90%
= ot 3
= = —— . .
B T —— e ] o1 i
= $$ - =
_ (e ] :

1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 | | 1 1 | | 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4
pT/A (GeV/c)

Pb-Pb @ 5.02 TeV
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Coalescence parameter B, 15

ALICE
CG\ T T T T T TTT T T T TTTT T T T T III| o
NS i Continuous evolution of B, with multiplicity
=  102F —alik ha 1050 p/A=075GeVic o smooth transition from small to large
S N : system size
) [ oAuce N 1 ¢ Single underlying production mechanism?
- d, pp, \s = 13 TeV s
5| [m] d+d, pp,1s=7TeV ) )
107" £ [3] ded, p-Pb, | 5 = 5.02 TeV = Advanced coalescence taking the size of the
- [#] d, Pb-Pb, |5y =2.76 TeV 4 nucleus and the emitting source into account
| [®] d+d, p-Pb, \ s, = 8.16 TeV (Preliminary) ] pI'EdiCtS 3 similar trend
- B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905) N
1 _4 | --Param. A (fit to HBT radii) ]
0 - —Param. B (constrained to ALICE Pb-Pb B,) = _ R _ _
Y S Y R SRR OY B The trend with multiplicity is explained
2 3 . . . .
1 10 10 10 as an increase in the source size R in

dN_ /d
( ch n'ab>|’7|ab|<°-5 coalescence models

. (e.g. Scheibl, Heinz PRC 59 (1999) 1585).
Strong dependence of B, on collision geometry

| ]
Chiara Pinto ICHEP Online Conference 30 July 2020




Coalescence parameters B, and B, 15

=~ 1073 = 10
3 % 1
4
¢ 10 ¢y 107°
~— ~ B
® 107> <+ 10
) . Q
6 107
e : 108
-7 ) -9
107E %4, p /A =073 GeV/c 110?10
— 33 .
108 @ ;4 ALICE Preliminary Pb—Pb \'s, = 5.02 TeV 0" “He, p JA = 0.875 GeV/c
. —
gof " (*H+°H)/2, ALICE p-Pb {5, = 5.02 TeV (Phys. Rev. C 101 (2020) 044906) 1012 @ (‘He+"Fe)/2, ALICE Preliminary Pb-Pb |5 = 5.02 TeV
— Coal. r(*H) = 2.15 fm (Acta Phys. Polon. B 50 (2019) 881) 1073 — Coal. r(*He) = 1.9 fm (Acta Phys. Polon. B 50 (2019) 991)
107 % ---- BW + GSI-Heid. (T, = 156 MeV) jo-t4 [ T BW + GSHeid. (T = 156 MeV)
1 1 IIIIIl| 1 1 IIIIII| 1 1 lIIIIIl 1 1 1 IIlIII| 1 | IIIIIII | 1 lIIIIIl 1
1 10 10° de;d 1 10 10° de;d
< ch nlab> ( ch nlab>

* Similar trend with multiplicity observed also in B,
e Continuous evolution of B, with multiplicity

Models struggle to quantitatively describe the measured B, (and B, )
T ————"—————"————————" ]
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Elliptic and triangular flow

ALICE

L

Chiara Pinto

Initial space anisotropy in non-central A-A collisions
» azimuthal anisotropy of particle emission wrt symmetry plane

Particle azimuthal distribution can be espressed as a Fourier series

dN

—

do

142 Z V,COS (H(q:} — ‘Pn))

n=1

*He + "He Pb_Fb. VSan = 5.02 TeV m

—— T T 17T | L | LI LI T T | L | -~ — T T T
N 0.6 ALICE Pb-Pb {5y =5.02 TeV 5 I | | 'ALICE
= 7 0 05% p I A o8k -
= S [ 1] 1 = F ¢ 020% 1<0.8 i
& 10-20% 2 [ m 2040% ]
= o4l 2030% == & 08 o 40-60% —e 1
30-40% == i R i
| 4050% A 1% oaf ——
L v 50-60% :b#':; - L _
0.2 » 60-70% ki — 0 2__ __
L =1 - s A =+=' .
i 1 .:¢:‘:+:,‘ . $=¢=‘ Y -
- i+ " 3 —a—r— — — ]
o |
11 1 I-‘I'-l 1 I--_I 1 | 11 1 | | 11 1 1 | 11 1 1 | 11 1 1 | L | L | L L L L I L L L L | L . L . | L
o 1 2 3 4 5 6 2 3 4 5 : Sy /)
arXiv:2005.14639 [nucl-ex] P, (GeVic) Physics Letters B, 805, 135414 Py

P
1@
\

= nt" symmetry plane
= azimuthal angle
v, = flow coefficients

V3 {SP, |An| > 2}
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0.1

II|IIII|IIII
ALICE Pb-Pb |5, = 5.02 TeV
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o 40-60%
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Elliptic flow v, 18

ALICE
arXiv:2005.14639 [nucl-ex]
—1— [ | 1T T | T T | T T 1 ' T T |— T T 1T 11 T 17T | T 1T | T T T | T T | [ |_

}N 0.6__| T T 1T T T 1 T T T 1 | T T T 1 | T T 11 T T T 1 |__ j_ HI]
- ALICE 1 T _
ol A T 20-40% T 40-60% ]
05" Pb-Pb, |5, =5.02 TeV, 0-20% 1 ° T ’ ‘ ;
04 - % 1 T e
- T & ] T ) :I B
03 = z + g ] osm B E #i%%%] ]
0.2 ; 3H-I-e+ “He —— LI TR T S A + E
: SEEE L gt LT R A * -
0.4 gerzaiEieemis Toe £ 4 =9 + & #Zﬁ% :
P e = T FeT T gty
o ,%fff_*w%:- T #14-0—0- T -+— + b
bbb b b I H e b b b b b I H b b b b b
0 1 2 3 4 S 60 1 2 3 4 ) 60 1 2 3 4 ) 6

P, (GeV/e) P, (GeV/e) P (GeV/e)

* Mass ordering at low p, increasing trend with p; and for more peripheral events
e Expectations from relativistic hydrodynamics are fulfilled
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Comparison to simplified models B

ALICE

arXiv:2005.14639 [nucl-ex]
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SIMPLE COALESCENCE

vSP, |1 > 2)

Data/Model
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AP Ee T ..g4+d 1 .
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SIMPLIFIED HYDRODYNAMICS

Overestimate of data

Underestimate of data

Works better for more peripheral collisions

Chiara Pinto

Works better for more central collisions
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Comparison to simplified models 20

ICE

D
—l

Physics Letters B, 805, 135414
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0.7- ALICE T +
- Pb-Pb, | 5, = 5.02 TeV, 0-20% 7 20-40% i 40-60%
0.5 71<08 E3 :

O ® °He+°He *;*
0 4;- Blast-Wave I
B B Coalescence ((vz), %3, (py), X 3) +

* Similar behaviour also for
3He flow

* v, of (anti)*He lies
between Blast-Wave and
naive coalescence

* Models partially describe
the data — depending on
centrality regions

v, {EP, |An| > 0.9}
o
[6)]

g 0.3¢ e Data — Blast-Wave “ —— - .
o 0.2- m Data — Coalescence + £ |
= 0.1 e g T
L Qpeeee e e e TRl SEETE - Elie a DL
w 0.1 E3 — 2 E
() —0.2; + F _
_0.3 | | | L | | | L ! L | |
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ALICE

Comparison to more sophisticated models E

N 0.5[d+3 E %
= _ o Data 10-20% i i
= = Data20-30% [ ]
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Comparison to more sophisticated models E
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Hydrodynamical simulation (iEBE-VISHNU) + Coalescence (Wenbin, PRC 98, 054905 (2018))
* Good description of the deuteron v, and v, as well as the 3He v, in 0-40%
* No predictions available for more peripheral collisions or SHM
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Conclusions

ALICE

Light (anti)nuclei up to *He are measured with ALICE

Production mechanism evolves smoothly with multiplicity

Statistical and Coalescence models describe different aspects of light (anti)nuclei
production

Experimental results challenge the models

Thank you for the attention!

=
Chiara Pinto ICHEP Online Conference 30 July 2020



Backup 2

ALICE

I —
Chiara Pinto ICHEP Online Conference 30 July 2020



Coalescence parameters VS p,/A 25
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Coalescence parameters VS p,/A 25

ALICE
[Oliinychenko, PRC 99, 044907 (2019)] o
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(central) Pb-Pb @ 2.76 TeV

Chiara Pinto ICHEP Online Conference 30 July 2020



