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Nuclear matter production

e Light (anti-)nuclei are abundantly produced both at the ko e K. p
RHIC and at the LHC in all collision systems and at all \ > i
the energies A §

§

® [he production mechanisms of light (anti-)nucleil in
high-energy physics are still not completely understood

Hadron

» light nuclel are characterised by a low binding
energy (Es ~ 2 MeV for d) with respect to the kinetic
freeze-out temperature in Pb-Pb (Tro ~ 110 MeV)

® [wo classes of models are available:

ithout QGP
» the coalescence model a) withou

» the statistical hadronisation model beam

b) with QGP

beam

luca.barioglio@cern.ch Origin of nuclear clusters in hadronic collisions - 19/05/2020



mailto:luca.barioglio@cern.ch

Light nuclei in Au-Au

® pr spectra described by a Blast-Wave
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Light nuclei in Pb-Pb

® o1 spectra described by a Blast-Wave function
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Light nuclel in pp and p-Pb

® pr1 spectra NOT described by a Blast-Wave function

¢ Hardening with increasing multiplicity

® Same production of nuclei and anti-nuclei

anti-deuterons, pp, Vs =13 TeV
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Coalescence model

® Nucleons close In phase space at the freeze-out
can form a nucleus via coalescence

® (Coalescence parameter Ba:

&N, SN
EP
dp; dp3

where:

- A Is the mass number of the nucleus

- Pp=pPa/ A

® Ba is related to the probability to form a nucleus via J. l. Kapusta, Phys.Rev.C 21 (1980)
coalescence

¢ Different implementations of coalescence model
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Simplest coalescence model

Py
® Hypotheses:

» No space-time distribution fo the nucleons considered

» Nucleons with similar momentum (Ap < po) can form a
nucleus

By = — Dy —

® COoNnsequences:

» Bavs pris flat

® Applications:

» pp collisions: small volume (comparable with nucleus size)
— nucleons are alway close to each other
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B2 vs pTt In pp collisions
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B2 vs pTt In pp collisions

anti-deuterons, pp, Vs =13 TeV
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B2 vs pTt In pp collisions

anti-deuterons, pp, Vs =13 TeV
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B> vs B>

® An increasing B’> can be obtained

from a flat Bz in each multiplicity N I _
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® An increasing B’> can be obtained
from a flat B2 in each multiplicity
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Bs vs pT Iin p-Pb collisions

CS\ | | | I I | | | [ I | [ |
= 107 £ ALICE VOA Multiplicity Classes -
® B3 vs prin multiplicity classes: % ; pPb |5 = 5.02 TeV 0-10% ¢+ 10-20% (x2) ;
» some deviations from a flat o - 1<y <0 ;9—40% (XbA_f) :640—1 00% (x8) -
. 2| ms e Minimum-bias _
behaviour s 10 = (He + °He)i2 inimum-bias (x16) s
» system volume larger than pp ? :  E— N
| ® I ’ + )
e B3 vs prin MB analysis: 1070 —s — | =
» stronger raise with prthan in - _
multiplicity classes i }
10 e ’ ; E
e |tis worthy to check B’z vs pr - ' : : " -
- ; -
n ] | _

| | | | | | | | | | |

0.5 1 1.5

10.1103/PhysRevC.101.044906 o [ A (GeVi/c)

luca.barioglio@cern.ch Origin of nuclear clusters in hadronic collisions - 19/05/2020 13



mailto:luca.barioglio@cern.ch
https://arxiv.org/abs/2003.03184
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.101.044906&v=295d85c3

Bs vs B*3

® B*3can be calculated with the R s S
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e B*3can be calculated with the
same approach used for B’o

® [he raise wit
explained on

N o1 cannot be

y changes in the

shape of proton spectra

® Simple coalescence model (no
volume dependence) fails to

describe Bz vs pr

The system size must be
taken into account

Bs vs B*3
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Ba In Pb-Pb collisions
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Simple coalescence with V

® |n simple coalescence model': %1072
471' 1 _41No
_pg() : BAOCVI_A 2d 010/0
3 vV 10-20% Au+Au 39 GeV

® \/ygT depends on mr
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B

» Qualitative description of B2 vs mt
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10.1103/PhysRevC.99.064905

110.1016/0370-1573(86)90031-1
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Simple coalescence with V
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Simple coalescence with V
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An advanced coalescence model

I

(Wigner formalism) and nucleon phase-space
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An advanced coalescence model

I

(Wigner formalism) and nucleon phase-space

|
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® Space-time distribution considered S -
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An advanced coalescence model

~ 12[——mm™@™m™m™mm™™m— 77—
® Space-time distribution considered SIS -
» overlap between nucleus wave-function o8k -
(Wigner formalism) and nucleon phase-space - -
distribution O -
0.4} -
® Evolution with the system size R 0.2k -
e Dependence on the pr T :
; c; 10—1 — % p/A=0.75 GeV/c o =
7( A_l) o E 5 -w=m B, coalesc., ry= 0 (point-like) ;
Q, - s, g.: coa:esc., fy= gg :m :

o - B, coalesc., ry= 3.2 fm
B . 2JA + 1 1 271- @ 10?2 = — — B, coalesc., ry=10 fm =
A A-1 2 - :
A\f ma- 7 - :
204/ A T R“(my) + (rA/Z) ok :
10—4 E_ ] | | I HHTMEEE
- 1 2 3 4 5 5
How to express system size? R (fm)

10.1103/PhysRevC.99.054905
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Charged particle multiplicity

Measurements are carried out vs

tiplicit —
MUHPICLY E Fit to ALICE HBT
_ ~ — — Sun, Ko, Doenigus, 1812.05175
* (dNy/dn) < system size T 10~ _ Constrained to ALICE Pb-Pb 0-10% B,
ALICE HBT, k, = 0.887 GeV/c
e System size: HBT radius R 8 A pp, Vs=7 TeV (INEL>0)

m p-Pb, |s,, =5.02 TeV
® Pb-Pb, |5, =276 TeV

» R vs multiplicity:

R = a (dN/dnp)'? + b

® Different arguments:

> 10.1016/j.physletb.2019.03.033
from model parameters (Np, Tk)

0 2 4 6 8 10 12
10.1103/PhysRevC.99.054905 {d Nch/d 17)1 3
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Charged particle multiplicity

Measurements are carried out vs

tiplicit = 12
MUIPICty £ Fit to ALICE HBT
_ ~ — — Sun, Ko, Doenigus, 1812.05175
o (dN,,/dn) < system size © 10|~ _ Constrained to ALICE Pb-Pb 0-10% B,
ALICE HBT, k; = 0.887 GeV/c
e System size: HBT radius R 8 A pp, Vs=7 TeV (INEL>0)
C m p-Pb, =5.02 TeV
» B vs multiplicity: . Pb-PbY%NN _ 276 TeV
6
R = a (dN/dnp)'? + b
® Different arguments: .
> 10.1016/j.physletb.2019.03.033
2
from model parameters (Np, Tk)
The parameterisation of R plays a 00 . 2 4 6 8 10 12

crucial role in the predictions

10.1103/PhysRevC.99.054905 {d Nch/d n)1 3
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® B> evolves smoothly with the
multiplicity

® [wo parameterisations:

R =a (dN/dn)'® + b

A. a and b taken from a fit of R vs
multiplicity

B. a and b are fixed to reproduce
B2 in 0-10% Pb-Pb

® Neither of the two reproduces
over the full range

50

Ba vs multiplicity

107°

107*

|

0 /A=0.75 GeV/c
T

L
..
N
L
N
L/
..
L J

ALICE
d, pp, Vs =13 TeV
d+d, pp, Vs =7 TeV

¢|d+d, p-Pb, \s,, = 5.02 TeV

®|d, Pb-Pb, \[s,,, = 2.76 TeV

B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)
== Param. A (fit to HBT radii)
= Param. B (constrained to ALICE Pb--Pb B,)

10°
<chh / dnlab>

102

—h

10
arXiv:2003.03184

Inlabl <0.5
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Ba vs multiplicity

—~ _3 — | I | I | | | | I | I I B I —
® B: evolves smoothly with the < 0 = | . | | -
multiplicity >~ - \\ p 1jA = 0.90 GeV/c -
® [wo parameterisations: % o4l R _
O =TT e . -
R =a (dN/dp)'" + b - N -
aq n) m‘*’ i 2 -
10°F ’ E
A. a and b taken from a fit of R vs . -
multiplicit - )
5 jb ’ P q .| Bscoal, r(°He) = 2.48 fm . i
. & and b are fixed to reproduce 10°= : . =
B, in 0-10% Pb-Pb = -+ fitto HBT r;‘d" ALICE B, G
® Neither of the two reproduces Bo - constrained to \ :
over the full range 10—7 - SHM + Blast-Wave (ALlCE T, K p) ) —
- — . GC GSl-Heidelberg (T = 156 MeV) ]
® SameforBs - .- CSM (T = 155 MeV) -
1 0—8 | | 1 1 I 11 | ] I N I - | | | N I N | | |
1 10 10 10°

N
10.1103/PhysRevC.101.044906 (d ch/ dn'ab>|'7|ab|<o'5
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Ba vs multiplicity

A~ —3 - | I 11 | | R | | 11 | —
e B: evolves smoothly with the @, 107E - | | =
multiplicity i - \\ p_/A=0.90 GeV/c -
® [wo parameterisations: % el S _
o =TT e N =
R = a (dN/dn)'” + b - N -
( n) m“" i N, _
10°E ’ =
A. a and b taken from a fit of R vs - 3
multiplicit - )
5 jb ’ P q o B, coal., r(*He) = 2.48 fm . )
. ad dn dre 1iXed 10 reproauce 10° : . ’~,’ =
B2 in 0-10% Pb-Pb = - fitto HBT rj‘d" ICE B G
® Neither of the two reproduces Bo - constrained to 2 \ }
over the full range 10—7 - SHM + Blast-Wave (ALlCE TC,K,p) ) —
- — . GC GSI-Heidelberg (T = 156 MeV) 3
® Samefor Bs - .- CSM (T = 155 MeV) -
—8 | | L 1 1 1 11 | | | | 1 1 1 11 | | | L 1 1 1 11 | |
. 10
Is a new parameterisation 1 10 102 103
of R needed? 10.1103/PhysRevC.101.044006  (QIV ch/ d nlab>|nlab| <05
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A/p vs multiplicity

AO.OO6 I IIIIIII| I I I I D I I B

Smooth evolution of A/p with . - ALICE -
o | _
mooth evolution of A/p w t L Wb e -502Tev :
MUIPIICIty : 0.005 B VOA Multiplicity Classes (Pb-side) ]

: B +|Pb-P =2.76 TeV -

e Coalescence can explain well d/p - = b F’ IjN¥ y ofle -
over the full range of multiplicity 0.004— =PPie=178 _

- pp, Vs =13 TeV -

B VOM Multiplicity Classes _

0.003— —

0.002— Ppae: Thermal-FIST CSM (PLB 785 (2018) 171-174) —

- R 1 --T_ =155MeV, V, =3 dV/dy -

0001  sls ~T,, =155 MeV, V, = dV/dy -

O e —Coalescence (PLB 792 (2019) 132-137) -

O | | L1 1 111 I | | L1 1 111 I | | L1 1 111 I | | L1 1 1 I—

1 10 10° 10°
arXiv:2003.03184 <d Nch / d77|a|:)>|17|abl<0.5
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Smooth evolution of A/p with
multiplicity

Coalescence can explain well d/p
over the full range of multiplicity

Coalescence does not describe
SHe/p

Coalescence struggles for A > 2

A/p vs multiplicity

= 107°

Ratio of integrated yields
=

w—
<
~

CSM (Thermal-FIST)
— T =155 MeV, V_.=dV /dy

Coalescence
- - - Three-body
-.-.. Two-body

ALICE
o(*He + *He) / (p + P), p-Pb |s, = 5.02 TeV (-1 < y_<0)

Cms

m2 ¢ °He / (p + P), Po-Pb |s,, =2.76 TeV (ly | <0.5)
2+ °He/(p+P),pp Vs=7TeV (ly| <0.5)
o’H + °H) / (p + P), p-Pb s = 5.02 TeV (-1< y_<0)

cms
NI | BRI

T =155MeV, V,=3dV /dy_

10°
>\

10 10°

(dN

C

h/d77

10.1103/PhysRevC.101.044906 lab

nlab\ <0.5
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The Statistical hadronisation

® Hadron abundances from statistical
equilibrium at the chemical freeze-out

® | arge reaction volume (V72>1) in HIC

> grand canonical ensemble

® Successful in describing hadron yields in
different collision systems and energies

» reproduces also nuclel

® Chemical freeze-out temperature (Ten) is a

Key parameter:

dN/dy x exp (—m/ Tch)

model (SHM)

F T A~

bl_l ILLLL I Iiml

IIIIIII| I Illlllll

-~ °He, °He

-3 *He, *He

IIII| | | =
3H

--AAH

|

-
- -
- -
—_
-
-

—

1
.

e
— -
—
—
-—
-
— -

;
y

10

10°

10.1016/j.physletb.2011.01.053

10°

\/ sy (GeV)
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SHM for Au-Au collisions

e SHM describes dN/dy for hadrons, including light nuclei, in HIC

I
|

T
1
) |
1
i |

1
|

dN/dy

llllllll
| lIIIIIl

1
|

10

I l]l'lll
4=
| llIIlll

Data -
go STAR
ﬁ PHENIX
A BRAHMS

[o |
S —

s
T T TITT]
IPIIII

I
|

—Model leNdf—31 6/12 B

T—1 64 MeV ub 24 MeV V—1950 frrI3

-
Q
I

L LA

'—" :

10.1016/j.physletb.2011.01.053

T K+Kp p AA 'EQq) d d K*Z*A*SH/He
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SHM for Au-Au collisions

e SHM describes dN/dy for hadrons, including light nuclei, in HIC

e Particle ratios are well described at different collision energies

1E| | I 1T 11 | | | | L | | | | | I I | | | | IE 17 11 | | | | | | | | | | L | |
g 5 E802d/jp  ® STARO-10%dp - L o - @roIiTEE rooroereeee i
R NA49d/jp O STARO-10%dp - 5 I 2 -
10-'L vV PHENIXd/p ---- Thermal d/p B - e aa -
o E v PHENIX d/p ----- Thermal d/p 1 .© 10 o« -
" — N ) ] = o’ Iy 4 -
I _ iy A ALICE d/p 1 (O - , .
. L B . ‘ 7
- — ﬁ\ - i '.": i’ i
D102 g = % o S e STARP/p0-5%
£ F R - g‘m__ = [ e F * STARJ/d 0-10% -
I R 1s F/ s PHENIX d/d 0-20% -
1073k Rohe 4 O ol P v ALICE d/d 0-10%
- Q/'FGI . = *"' ----- Thermal p/p -
I _ K d000 e Thermal d/d -

10_4—1 1111."1|| ] | L ] | L1 ] ] L1 rlllll: I | R ] | R | |

10 100 1000 10 100 1000

s\ (GEV) |'Syy (GeV)
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SHM for Pb-Pb collisions

® SHM describes dN/dy in Pb-Pb r KK o KR BE 33 oauer _iiH_;f,E e  ‘He ‘FS
collisions at \/snn = 2.76 TeV over a - & o o o
wide range of dN/dy (7 orders of S 4 b , N
. > ; ; ; ALICE, 0-10% Pb-Pb, | s, =2.76 TeV -
magnitude) 5 R 5 b o E ; ; ; ; s D
10 e Ve 2 § ‘ ' S
: : : : : : I 5 1
e Nuclei yields are well reproduced T L R PO f
, & Notin fit 1 : : : = : ' N
» thermally produced, together with 1o 0 Exvapolated i Lo ioio i EE -
the other particle species [ Model T(MeV)  V (fm) CINDF | i g, i h
10°8 ~ |—THERMUS 2.3 156+2 5924 +543  24.8/11 |: jon =2 ‘ b
B - =+ GSI|-Heidelberg 156 + 2 5330 + 505 19.6/11 E 5 -.-.-.-—-
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: 0@ 008 gip T + EirE
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SHM for Pb-Pb collisions

® SHM describes dN/dy in Pb-Pb i KRy KBRS, BREo4 2E 2T g 2 ke
collisions at {/ssn = 2.76 TeV over a : , ¥

)}

wide range of dN/dy (7 orders of = 10° et . ALICE Preliminary
- 3 102 e e é é é . Pb-Pb 15, = 5.02 TeV, 0-10%
magnitude) 10 é g . | ; 7O 1w | |
10 e e e

y e
® Nuclei yields are well reproduced 1 ; ;

» thermally produced, together with 10~ & Notin f ——

the other particle species 1072 Model T(MeV) V (fm) x/NDF

: — THERMUS 4 152+2  7832+484  58.7/10
. 10 - = GSI-Heidelberg 153+2 7260 + 410 41.9/10| : : : :
® In Pb-Pb collisions at Jsnn = 5 TeV, 104 - . 'SHARE 3 1533 5211703 49.7/10| e

tensions between data and model | ; ; é i é ; ; é é | BR=25%!

(mod.-data)/c ., (mod.-data)/mod
|
O
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|
: o
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g
o
=
L
.
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SHM for Pb-Pb collisions

® SHM describes dN/dy in Pb-Pb i KRy KBRS, BREo4 2E 2T g 2 ke
collisions at {/ssn = 2.76 TeV over a : , ¥

)}

wide range of dN/dy (7 orders of = 10° et . ALICE Preliminary
' B 102 | e | e i ? § . Pb-Pb \sy,, = 5.02 TeV, 0-10%
magnitude) 10 é é . | 5 7O 1w | |
10 e T

y e
® Nuclei yields are well reproduced 1 ; ;

» thermally produced, together with 10~ & Notin f ——

the other particle species 1072 Model T (MeV)  V (fm) x"/NDF
; — THERMUS 4 152 +2 7832 + 484 58.7/10
. 10 - = GSI-Heidelberg 153+2 7260+ 410 41.9/10| : : :
® |n Pb-Pb collisions at y/snn =5 TeV, 104 - ' SHARE 3 1533 5211703 49.7/10| JT
tensions between data and model | é é é é é 2 é s s | BR = 25%;
- : : . gy : : : : : : : -

Is there a way to reduce
these tensions?

(mod.-data)/c ., (mod.-data)/mod
|
O
6y
|
: o
. IF
g
o
=
L
.
—p—
11 i L1l

luca.barioglio@cern.ch Origin of nuclear clusters in hadronic collisions - 19/05/2020 35



mailto:luca.barioglio@cern.ch

The canonical statistical hadronisation model (CSM)

0006 I I 1 T T T1TT] I I N N I I I I I T F 11| I
O : | |
In small systems (VT3 < 1): local = CSM (Thermal-FIST) @)

conservation of guantum numbers

S. Q and B) + 0o0psl— T=185MeV, Vo =dviay KW

y & . _-_.T=155 Mev, VC:3dV/dy /‘/./‘ -
» canonical ensemble - —-T=170MeV, V_ =dV/dy -~ _ !
~ 0.004 i .

e Small volumes — suppression of
particles carrying the conserved
charges: canonical suppression

/

0.003

® | arge volumes — same as SHM 0.002

ALICE, Pb-Pb, \[s = 2.76 TeV
ALICE, pp INEL, Vs = 900 GeV
v |ALICE, pp INEL, Vs = 2.76 TeV

- |ALICE, pp INEL, Vs = 7 TeV

| lllllll ] | lllllll | ] lllllll |

® Production vs multiplicity —
dependence on the system size 0.001

IIII|IIII|IIIIIIIIIlIIIIlIIIII

1 10 102 10°
10.1016/j.physletb.2018.08.041 dN/dy
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d/p as a function of multiplicity

® The measurement of the d/p evolves
smoothly with the multiplicity

® [wo different regimes:
1. Increasing: canonical suppression

2. flat: at high multiplicity there is no
dependence of the ratio on the
multiplicity

AN 0.006 | | | I 1 1T 11 | | | | I I 1 11 | | | | I I 1 11 | | | I 1 11
'i‘ _ ALICE _
o — [#]p-Pb, \s,, = 5.02 TeV 7
: 0.005 B VOA Multiplicity Classes (Pb-side) ]
e ~  [#]Pb-Pb, \s, =2.76 TeV 7
A 0004— Mpp, \s=7TeV —
' _ op, Vs =13 TeV _
B VOM Multiplicity Classes _
0.003— —
0.002 — / e B o) Thermal-FIST CSM (PLB 785 (2018) 171-174) —
- pe. o --T_ =155 MeV, V, = 3 dV/dy -
- b el 28 —T. =155 MeV, V. =dV/d —
O . 001 — j ’ ch C y L
— g — Coalescence (PLB 792 (2019) 132-137) B
O | | | I T I | | | | | I T | | | | | I T | | | | | L 11 I—

1 10 107 10°
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A/p as a function of multiplicity

® The measurement of the d/p evolves
smoothly with the multiplicity

® [wo different regimes:
1. Increasing: canonical suppression

2. flat: at high multiplicity there is no
dependence of the ratio on the
multiplicity

® CSM cannot reproduce p/mt with
the same correlation volume used for
d/p (same baryon content):
dV/dy < Ve < 3 dV/dy

|‘LIII|I‘III‘IIII‘IIII|IIII‘IIII|IIII|III

CSM: PRC 100 (2019) 5, 054906
—— V. .=dV/dy

V.=3dV/dy
-----V.,=6dV/dy

ALICE

N
u:.:nL
oo |
o |
oo
o
o
oo
= =
BT

=
SERINNERA ARNNE ANERURRNRE AL RARRRRE ARRRARRRRINNET

pp Vs = 13 TeV

pp Vs =7 TeV

p—Pb ys\ = 5.02 TeV
Pb-Pb |s,, = 5.02 TeV
Pb-Pb |5, = 2.76 TeV
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1000
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A/p as a function of multiplicity

® The measurement of the d/p evolves
smoothly with the multiplicity

® [wo different regimes:
1. Increasing:

* Thermal model: canonical
suppression

2. flat: at high multiplicity there is no
dependence of the ratio on the
multiplicity

® CSM cannot reproduce p/1t with
the same correlation volume used for
d/p (same baryon content):
dV/dy < Ve < 3 dV//dy

e 3He/p shows more tensions than d/p

107

Ratio of integrated yields
=

w—
<
~

CSM (Thermal-FIST)
— T =155 MeV, V_ =dV /dy
----- I'=155MeV, V =3dV /dy
Coalescence
- - - Three-body
-.-.. Two-body

ALICE

o("He + "He) / (p + P), p—Pb |5 =5.02 TeV (-1< y <0)
m2 ¢ °He / (p + P), Po-Pb |s,, =2.76 TeV (ly | <0.5)
2+ °He/(p+P),pp Vs=7TeV (ly| <0.5)

o’H + °H) / (p + P), p-Pb s = 5.02 TeV (-1< y_<0)

|CmS
I I I

10 107 10°
(dN /dn )‘

10.1103/PhysRevC.101.044906 C

lab” |17 | < 0.5
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Ba vs multiplicity

o~ 10_3 — | | | I B | | | | | | | | I I B | | —
(0 — -
® B> can also be compared with the v& - p 1jA =0.73 GeV/c -
predictions of SHM and CSM, with pr > e T N -
shape from blast-wave 8 104 T —
e SHM describes well data at high ;go - -
multiplicity (GCE) = )
107 E
® [or small systems the pt shape of : ALICE -
nuclel is bit described by a blast-wave - o, -
ly _|<0.5 N

10° Vems ' =
- = Pb—Pb s, =2.76 TeV RO
- +pp Vs=7TeV (p/A=0.8 GeV/c) \\ -
—7 L ¢ |
10 = 1=y <0 E
- ep-Pb s, =5.02 TeV -
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Ba vs multiplicity
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Conclusions

® Ba vspr:

» raise not explained with simple coalescence model

e Ba vs multiplicity:

» smooth evolution = production mechanisms dependent on the system size

» Advanced coalescence cannot describe Ba over the full range

- New parameterisation of R vs multiplicity needed?

» CSM does not describe Ba: other hypotheses than BW-shaped pr spectra needed

e A/p vs multiplicity:
» CSM describe d/p, but cannot describe p/mt with the same volume
» CSM struggles a bit in describing SHe/p

» Advanced coalescence describes d/p but struggles with SHe/p
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A/p vs multiplicity
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Hardening in Au-Au
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