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Introduction — nuclear matter production H%KE

* Light (anti-)nuclei are abundantly produced at tme o /4
the LHC in pp, p-Pb and Pb-Pb collisions P f

* However, the production mechanism in high-
energy physics is still not completely clear

* At high energies and densities a Quark-Gluon
Plasma (QGP) is created that expands and cools down

—> Chemical freeze-out temperature T, (~150 MeV):
Particle yields are fixed

(ty< 1 fm/c)

o
\\ b) with QGP a

beam beam

—> Kinetic freeze-out temperature T,,, (~100 MeV):
Particle momentum spectra are fixed ) without QGP /

19.11.2019 ESTHER BARTSCH | UNI FRANKFURT | (ANTI-)(HYPER-)NUCLEI PRODUCTION AT THE LHC



Introduction — nuclear matter production o TeE

* Two classes of models on the market to describe
nuclei production:
—> Statistical hadronization model
T, relevant
production scales with particle mass

—> Coalescence model
Ty, relevant .
production scales with particle radius (xy< 1 fm/c)

L
a) without QGP // \\ b) with QGP z

beam beam
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Introduction — statistical hadronization AL TCE

13’ 10°F T % . Pb-Pb Syy=2.76 TeV, 0-10% centrality -
Swep SRS L oLa | ¢ Particle abundances provide information about
2 4o} LTI i the particle production mechanism
it e —Transition from QGP to hadrons (hadronization)
10k S ]
102p 1 * Heavier particles are produced with lower probability
107 ¢ Data, ALICE HelHeoyog —Described well by a statistical model
104k  — Statistical Hadronization W .

-
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o
T

HH— * ALICE Pb-Pb data compared to Statistical Hadronization
: Model predictions
+ | l | —>Very good agreement

+
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* Particles and anti-particles are produced equally at the
ma KK Ko pp AKEE QG d d° He'He jH IH *He'He

A. Andronic, P. Braun-Munzinger, LHC (.uB = O)
K. Redlich, J.Stachel, Nature 561 (2018) 321
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Introduction — production of light nuclei o TCE

102
. —  Pb-Pb |s5,,=2.76 TeV 7
Z 10 P A E
© = N,,x=350 &
o 1F %+ Abundance of nuclei strongly sensitive to
e -1 f— .
>E e % chemical freeze-out temperature T, due to
10° ¢ — E
of AA - — Large mass
107 — — 7
104 SHe on == J  —>Exponential dependence of the yield ~ el™/Tch)
10°% ! E
10° - — =
107k He “H - 4 * Note: Binding energy of nuclei (few MeV) small
10° Thermal model aaH E compared to Teh
10-9;5 — T=164MevV E;
10_10; .............. T=156 Mev IS\H E:

A. Andronic, private communication, model based on:
Phys. Lett. B697 (2011) 203
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Introduction — coalescence model HL%ICE

d * Nuclei are formed after kinetic freeze-out by
protons and neutrons which are nearby in
P y space and have similar velocities

—> Production rate is connected to the size of the
bound state

* Nuclei can break apart and be recreated by
final-state coalescence

J. I. Kapusta, PRC 21, 1301 (1980)
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Introduction — coalescence model %

d * Main parameter of coalescence model B,:

Ap P £ d’N,
n A d3p, A: mass number of nucleus
B, = _
d3Np A pp - pA/A
pd3pp

A * B, is related to the probability to form a

: nucleus via coalescence

J. I. Kapusta, PRC 21, 1301 (1980)
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Introduction — coalescence model

ALICE
d * Main parameter of coalescence model B,:
Ao P E d’N,
n A d3p, A: mass number of nucleus
B, = - A
&N, Pp = Pa
( pd3pp>
A * B, is related to the probability to form a

nucleus via coalescence

J. I. Kapusta, PRC 21, 1301 (1980)

= Nuclei are sensitive probes to constrain the production mechanism
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ALICE detector setup E

Inner Tracking System (ITS)
- Vertexing

—~>Tracking

Time-of-Flight (TOF)
— Particle identification

Time Projection Chamber (TPC
—>Tracking -

—~Vertexing
—> Particle identification via dE/dx \ :

i \/0
— Centrality determination
j > Minimum-bias trigger

Transition Radiation
Detector (TRD)

—~>Tracking
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Particle identification ALTCE

1000 , * Low momenta: TPC

:IIII|IIII|IIII|IIII.|:'I ‘IIIIIIIIIIIIIIII . o

| ALICE Performance / g -2 Nuclei identified

- W=5-O2Te\ﬁ e using the energy-loss
| measurement

©
o
o
T
-
o
T
o

I'IIII|IIII|IIIIIIIIIlIIIIlII[IlIlII

dE/dx in TPC (arb. units)
(6)) (e}
3 3
tII|IIII|IIII|IIII|IIII|IIII|III

T

ek h e aa s TN O 1O Y

5 -4 -3 -2 -1 0 1 2 3 4 5

p/z (GeV/c)
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Particle identification ALTCE

1000 * Low momenta: TPC

" ALICE Performance : G dBE 1 = Nuclei identified

90OEALICE Performance
FPb-Pb M=5.02Te§€ using the energy—IOSS
measurement

. B o
o

TOF B

* Momentum determined
from track curvature

I'IIII|IIII|IIIIIIIIIlIIIIlIIlIlIlII

dE/dx in TPC (arb. units)
2

870 1) 3 5T 4N T T 95 9 L 20 T ) (9 P 54 P 0 A B £ 7~ T AP 30577 e o, ¥ e

500
P-rB
400 z
* High momenta: TOF Po-Po o= 5.02 Te
200 .
0.4 1

(o8]

o

o
J‘:I,l‘};",tll|llll|llll|IIII|IIII|IIII|II

=

Tor€ o p (GeV/c)

ot ek i e N e 1O Y R M

5 4 3 2 1 0 1 2 3%
p/z (GeV/c)
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dE/dx in TPC (arb. units)

Particle identification

ALICE

1000_|||||||||||||||||||.|;‘|.,..::
- ALICE Performance ; {i§!

©
o
o
T
-
o
T
o

[Suy = 5.02 TeVi

II|IIII|IIII|IIII|IIII|IIII|III

19.11.2019

* Low momenta: TPC

-2 Nuclei identified
using the energy-loss
measurement

* Momentum determined
from track curvature

2=rB
VA

k'fl.lll'lllllllIIIIIIIIIlIIIIlIIlIlIlII

* High momenta: TOF

—>m? distribution is
calculated from the

Time-of-Flight
4 5 measurement
p/z (GeV/c) 2. 1-B?)
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2.20 < p_<2.40 GeV/c

d-+d
30-40%

ALICE Preliminary
"Pb-Pb \/s =5.02 TeV

-0.4-0.3-0.2-0.1 0 0.10.20304
AM (GeV/c?)




ALICE

oD collisions
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(Anti-)deuteron spectra

* d measured in pp collisions at
VSyy =5 TeV

* d transverse momentum spectra
measured in 9 multiplicity
classes + minimum bias

* Expected ordering of multiplicitiy
classes

* Spectra fitted with Levy-Tsallis
— show no sign of radial flow

19.11.2019

5 = ALICE Preliminary
> N e deuterons, pp, Vs =5 TeV
O = =,
O) = <o
> = =
NZ-ZI— 71_—"% = RS
'0_010 ;-___m_ o *=‘=¢_ .:.:.
—|_® e 0= o -=\0?\ e
Z  ETTTEeee e e TSN /dp ) =549
102 g, . \@_..;,\:.:=0='\\ ch lab
S - o ey ‘e.F,\ RN AN, 7dn )=18.45
— = =% 8= =
-3 ___%.: S ~ - = ~ - =~ ~
10 %"'“%:E.@b"i R . = R VOM MultiplicityClasses
- ez “9l.g. ~. @i (x2% [®]Il(x27)
_a %e.: e \e.;, B 6 5
1074 = e e el ~ ol (x 2% IV+V(x2°
— ~ 3
S q.”* e ﬁ\\ ST Vi (><2“)2 @vn(x21)
1075 . S [o]Vill (x 2%) [@]IX (x 27
.. T O x2%) [@mB(x2")
— = - - Levy-Tsallis fit
1o (@GN /dn =243
:|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
ALI-PREL-316340 p. (GeVic)
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)3
(Anti-)*He spectra ALICE

6 ALICE Preliminary
107 -

c pp, Vs =13 TeV, lyl<0.5
C (He+°He) / 2,
with Lévy-Tsallis fits

* 3He and 3He measured in pp
collisions at 4/syy = 13 TeV

* Averaged 3He and 3He transverse
momentum spectra measured in 2
multiplicity classes 0l

Multiplicity

* Expected ordering of multiplicitiy

Classes 10‘9? \/.OI:/I_r:';Iu:LizI(i;/i:)yclasses
L e 1l - X (10-100%)
* Spectra fitted with Levy-Tsallis E N — -+
—> show no sign of radial flow e I
N ] 0.5; LR e =
*3He and 3He are compatible I !
pT(GeV/c)

ALI-PREL-329515
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ALICE

0-Pb collisions
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Anti-deuteron spectra

ALICE

» d measured in p-Pb collisions at

VSyy =5 TeV

* d transverse momentum spectra
measured in 5 multiplicity classes

* Expected ordering of multiplicitiy
classes

* Spectra well described by Blast-Wave fits

* Spectra become harder with increasing
multiplicity and show clear radial flow

dy (GeV/c)'

—
o
o

N

1/N,, *°N/dp

)
%

)
1

10°

_]Illl]ll[llll[lllllllllllllll_
ALICE -
PSS EC = H. p-Pb \s,,, =5.02 TeV
- L '.)_‘~ ) N .
twe d,-1<y<0
- e N
&y 1%
L J - T8
f [} 1._,_J
------ . a T ’
& g - L™
T
s
| Ty ) ]
- ‘~.~.~‘
.......... .
¥
3 ... =
- VOA Classes (Pb-side)
L [ o |o10% (x16) | @ |10-20% (x8) * 20-40% (x4) |
- 40-60% (x2)  + 60-100% (x1) -~ Individualft ]

—IllllllllllllllIIIIIIIIIIIIII

0.5 1 1.5 2 25 3

ALICE Collaboration, arxiv:1906.03136 Py (GeV/c)
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i_\3
(Anti-)°He spectra ALICE

1|_ = T T T T | T T T T | T T T T | T T T T | T I:
ST 3 . o . - ALICE VOA Multiplicity Classes _
* >He and *He measured in p-Pb =107 E  ppp sy =502Tev =0-10% (x8)  +10-20% (x4) 3
collisions at /SNN =5 TeV g - 1<y <0 +20-40% (x2) +40-100% :
o A|—1 0—4 = (3He +3H_e)/2 ¢ INEL>0 (x100) =
* Averaged 3He and 3He transverse & [ — e -
. >Nin5 L —— _
10~ g e 5
momeqtgm spectra measured in 107 . —— .
multiplicity classes > e A T ]
o100 T E
* Expected ordering of multiplicitiy 3§ FE - * ]
S AT L —— ) _
classes S 107 ¢ — -
10_8 §_I | | | | | | | | | | | | | T | | | | | | I_§

1 2 3 4 5
P, (GeV/c)

ALICE Collaboration, arXiv:1910.14401
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. )3
(Anti-)t spectra compared to (anti-*He ~ No

§ E L 'EE' 'I'_é'_l L
— . > - —+
* tand t measured in p-Pb 3 E@ﬁ IERE RS
collisions at /sy =5 TeV ~ | 1 | |
13:10—7:— E3 E
* t and 3He are compatible ) %ﬂ: T ALICE
. . . . < T p-Pb sy, =5.02TeV
- Check of isospin symmetry in particle % T <y <0
. % - o 3He - = 1 o 3Hcms
production =l e | Le® !
*tand t as well as 3He and 3He are L T T H/cH ]
. (o) r T 1
In agreement 5 2r N ]
1 S S B I S S g
O %3 % 5 2 3 & 5
p_ (GeV/c) P, (GeV/c)

ALI-PUB-338882
ALICE Collaboration, arXiv:1910.14401
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ALICE

Pb-Pb collisions
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(Anti-)triton spectra

2018 high-statistics data set

ALICE

e First .Eand t Spectra in Pb-Pb 1I_'_|O.12X.|10|_CT T | T 1T | T 171 | LI L T 1T LI | LI | LI
O B ]
at the LHC > L ALICE Preliminary —0-10% O@
T o 01— - = 5. —10-30% ]
- t and t transverse momentum S L T e sorTey soen ©
spectra measured in 4 centrality %FO el + 50-90%
intervals s F - e,
] o, C\l2 B .f —
* Expected ordering of centralities © 0,06 p == 4T
=z L : i
* Hardening of spectra with increasing =, ., ' ]
centrality i = ]
= : 0.02— —— —
*tand t are compatible i == i
O_I 1 1 1 | L1 1 1 111 1 | I T | | 1 1 1 1 L1 1 1 | L1 1 1 | 1 1 1 I_
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
p_ (GeV/c)
ALI-PREL-327168 T
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(Anti-)triton spectra

2018 high-statistics data set

ALICE

e First f and t Spectra in Pb-Pb 1:—_'012X]OI_3I T | LI | T T T T | T T 171 LI LI T T 171 | L | T 1T 1T 1
s [ :
at the LHC > [ ALICE Preliminary —0-10%
- o 01— - — =—10-30%
* T and t transverse momentum = T s 0Ty e -
spectra measu red in 4 centrality Toosf. - Individual Blast-Wave fits + —50-90%
intervals S T .
. i S+ 4&* of .
* Expected ordering of centralities ©.0061- e T T
z L e i i ]
* Hardening of spectra with increasing = ., s il 1Ay 7
centrality f - §
t ' 0.02/— P — == =] _
*tand t are compatible N == i
i i _d:l:‘l‘";’-}:‘lsj:l I_ _I | _I | | I__I 1 1 | 1 1 ~I~~~ | i -I——I—-I—J._I. Ll J‘1~‘|~I~~I~~I—~I:

*Integrated production yield .(dN/dy) opesishcts 1! S Ty e
extracted from Blast-Wave fits e 1o p_ (GeV/c)

5
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(Anti-)°He spectra

@ 3H_e and 3He measured in Pb_Pb ‘I_/\ T T T T T T T T T T T T T T | T T T T | T T T T | T T
collisions at /syy = 5 TeV S 104k ALICE Preliminary HO
__ 8 E °He, ly| < 0.5 1
* 3He and 3He transverse momentum g =~ S 1 O
H H Q. B =3 =% 7]
spectraI measured in 3 centrality S Ll e 1 a
intervals TV E e E
> - =t :E v
. .y R o) B - ~.. ‘ 7
* Expected ordering of centralities . F = .
: L . < 10° Pb-Pb |s,, =5.02 TeV > RN
* Hardening of spectra with increasing T L o . 10400 E
centrality - S .
- * 40-90% ----Individual fit 7
* Integrated production yield (dN/dy) LS N T N R R B B
. 2 3 4 5 6 7
extracted from Blast-Wave fits p_ (GeV/c)
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Deuteron spectra

* d measured in Pb-Pb collisions at S 'A'u'ce'p're'nn'm',ar'yj
. S top mTIIIIIIIN I
Vsyy = TeV § ETimeeeee llITmellee, W05 S
e e e .
* d transverse momentum D e T T e
spectra measured in 10 centrality T T e = T 3
i = 107 w o | &
intervals S e L =
3 10_3%—% t‘:‘s-::“:'m —
* Expected ordering of centralities e e it RN < I
— 107 B SO =
g%%zﬂm@ © 10:20% (x128) 20-30% (x64) =
* Hardening of spectra with increasing oSk s Soeon(d e soron e B
. = e 70-80% (x2) e 80-90% (x1) =
Centrallty 105 L -~ Individual fit o ppINEL Vs = 13Te\/§_

| | | | | | | | | | | | | | | | | | | | | nolrma:isatilon ulncerltaimly: 2.;550/0I
* Integrated production yield (dN/dy) 1 2 3 4 5 (é Ve
. ev/c

extracted from Blast-Wave fits ALI-PREL-130488 Pr
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(Anti-)*He signal extraction

2018 high-statistics data set

ALICE

— ) —~ 90 :
°“He and “He measured inthe 0-10% % F ‘-. ALICE Performance
most central collisions S E = Pb-Pb |5, = 5.02 TeV
_ B 70E | 0-10%, 2 < p_<6 GeV/c
* 3He and “*He clearly separated in TOF o i g particles + anti-particles
mass (m?2/z2 (*He)= 3.475 GeV?2/c?) S E :
0 50—
* Background from mismatches S . : +
(magenta) and contribution from 3He S - ‘1‘
(dashed line) subtracted from the oE + +
“He yield 20 4
10— + _I‘
- °He P I e B wE o e
0_||||||IIII|IIIIIIII|IIIIIII-_-'=|=I_|_|IIII
2 2.5 3 3.5 4 4.5 5 o 55 6
o (GeV?/ ¢
22
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(Anti-)*He

2018 high-statistics data set

ALICE

« i‘lIO_IGI T | T T T T | T T T T T T T T T T T T T T T T | T T T T ]

g S o6l =

* First “He and “He transverse S 98 ALICE Preliminary —
G F PbPbys, =502TeV e'He -

momentum spectra measured = b 00w o*He -
at the LHC g - . -
S 04 -

NZ - i

© B ® i

: : 3 0.3 =

* Yield extracted in the 0-10 % g [ :
most central collisions in 4 p 0.2 -
bins from 2 to 6 GeV/c : . .
0.1:— 3 _:

O_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_

0 1 2 3 4 5 6 7

ALI-PREL-327164 pT (GeV/C)
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Thermal model fits ALICE

 Different model variants describe
particle yields including light
(hyper-)nuclei well with T, of about

o | . ALICE Preliminary
SR S . Pb-Pb Vs, =5.02 TeV, 0-10%

dN/dy
2 2

u.-.u:m:"'""" u_._._‘: :
10 o e 153 MeV
1 : o :

Model T(MeV) V(fm) +?/NDF
— THERMUS 4 152+2  7832+484  58.7/10
- = GSI-Heidelberg 153+2  7260+410  41.9/10
- SHARE 3 153+3  5211+703  49.7/10

—_

—_ —_
Qe 9
B w N

—_
<
T LLLLL BRI BRLRELL L DR DR B B B

] gogd

2 0.5 e T D e
g 0 o BN SRS v Aok R SRR ] :

© :

5 =

g 0.5 :

B 4 T L
b-c e

s 2 [

k=i O Ereveeeeeiies - T e e e T i
° o

-8 _2 ................................................................

k3 e e —

ALICE Collaboration, arXiv:1910.07678
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Thermal model fits

2018 high-statistics data set

ALICE

nr+n KK o K+ +P Z+Z8 Q4" AH+3H 5 R =7 . . .
o BE K K;’ o B oA EE L g A5 Che o * Different model variants describe

18; I AI;ICEPrjeIiminajry, Pb-i’b \(EN,;I=5.025TeV,l-1O%§ § part|C|e y|e|d5 InC|Ud|ng Ilght
1PV SN T PPV D 1 (hyper-)nuclei well with T, of about

: [ LU . :
: ® : : 8.

-~ | 153 MeVv

t
:

L ot A T — — . . .
Ten 2] SO SN N S NS S D | * t and *He not included in the fit
B Model T(MeV) V(fm?) 1?/NDF |} PO Rl el i i o
o5 [ |—THERMUS 4 152£2  78a2:484  SBEMM[ i 1 -2 Ingood agreement with the prediction
B == GSl-Heidelberg 153 £ 2 7260 + 410 41.6/11|: : : : . . .
" |oswaRes sss  sensros  sumi] 0 hail from fit to other light-flavoured particles

K
§ O e B L L R E}DD‘DDD """" |:] """""""""" % *I.i]‘l:]ﬁ]ﬂ] """""""""""""""" lil li] """"" ++—
2 DL :

94 i O B e o BT |
2 N I R AU Nt VNS DA A MO AU sl IS WO
] - - - - -
g 0 F-ee e T e _—eeene s h o SRS USRS vvwoser B T .
g

ALICE Collaboration, arXiv:1910.07678
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Combined Blast-Wave fits

2018 high-statistics data set

ALICE

T 10°E ALICE Preliminary, \/s,, =5.02 TeV, 0-10%
O JE o (mt+m)/2 (K +K)/2
. . + > 10 o (p+p)2 e d
* Simultaneous Blast-Wave fit of T+, 3 b —nt S AR
K*, p, d, T, 3He and “He spectra in ; = “$2ee s ‘He - Combined Blast-Wave ft
. . . 1 ! “‘\5.:;@;.:
central Pb-Pb collisions describes all 5. E e
ti I it ” % 10‘1|§— +_.__._—o—_._
pal" ICles qU| e we 510_2: ”_,_Mﬂ oo s \—:—_._::—_ o
5 103€ e
. < \
* Spectra show clear radial flow = 10*E e — S :
— _--" ) N N
- common flow velocity (B) and 10° h e
kinetic freeze-out temperature T, m% ———
10—7E _EﬁE EI ---------------
10—8||r"||||||||||||||||||||||||||||||||||||||
0 1 2 3 4 5 6

7 8
P, (GeV/c)

ALICE Collaboration, arXiv:1910.07678
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Elliptic flow %

ALICE

¢ = arctan%Y

[,

2 2

_ [ Px — P,

Vy, = 2 2

P, +D,
Coordinate-space anisotropy Momentum-space anisotropy

dN
— o« 1+ 2v,cos[2(¢p—¥;)]+2v,cos[4(p— )] +... Fourier transformation

t Elliptic flow term
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(Anti-)°He elliptic flow

ALICE

-~ L L s T
* 3He and 3He elliptic flow versus 3 I e + g ALICE i
transverse momentum extracted in % O%C 4 o-20% ks N,ﬁ?‘%‘” e R
3 centrality intervals = [ m 20-40% ]
o o . _ o’ 06 o 40-60% —e ]
* Elliptic flow is increasing going from ~ T 1
central to more peripheral collisions, > 04 N
because of the increasing asymmetry of - :‘:i | -
: . : 0ol -
the overlap region of the colliding nuclei : . — :
* Elliptic flow is increasing with p- o ;#:=’= -
IR BRI NI SRS S B

1 2 3 4 5 6
ALICE Collaboration, arXiv:1910.09718 pT (GeV/C)
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Comparison of elliptic flow ALTCE

>C\l : LI I L ] I LLELEL I LI I LI I L I :: LI I LILBLEL I LILBLEL I LILBLEL I LILELEL I LILELEL I :: LI I LI I LI I LI I LB I LI I :
0-7F ALICE T T ;
0.6k P20 (Syy=502TeV,0-20% 1 20-40% i 40-60% E
i 111<08 i i i
0.5F + + ]

E ® CHe+ s I I :

0.4F JHEP 09 (2018) 006: T |:+:I" :
C B ntt+n T I ‘ | :

0.3F e T + .
-+ K'+K ph @ ] * ®

0.25_ ¢ p+p __ **“x:'. ® 1 “*""..' ® _

| RS P e . . L

01 ppt?®? M - e o TPt ;

:ﬁ:‘ | —— I + —+— T / ]

Of I ‘*l | | | | I_:_ | | | | | |_-

'IIIIIIIIIIIIIIIIIIIIIIIIIIIII' IIIIIIIIIIIIIIIIIIIIIIII b ol N N T N NN Y NN N N Y N N N N N N N NN N NN NN N NN N N A 3

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

P, (GeV/c) p, (GeV/c) P, (GeV/c)

ALICE Collaboration, arXiv:1910.09718

* v, of 3He compared to i, K and p at the same center-of-mass energy

* Clear mass ordering observed as expected from hydrodynamics
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Comparison with Blast-Wave and
coalescence model

: BIaSt_Wave flt Of T, K and p i 0'7§_Pb—Pb,\(sTm A=\L5I%E TeV, cyzo%é_ 20-40% 40-60% ]
used to predict 3He elliptic 0.6; <08
0.5 ® ‘He+'Fe + 3

fIOW 045_- Blast-Wave I E

- [ Coalescence ((vo), x3, (p), x3) £

* Naive coalescence model
using simple scaling of v,

and p;
°© O0.3F ° ata - Blast-wave ‘ =
* Data between the two § oz  Data- Conlesoonce e :‘::.IEDD _
M 0.1 F 3
models in all three T Obenens T T T T 7 e e S e ;
c £ ot = 4= f*f=¢=-,:+:|:+:| =t :+:'¢I' E
centrality intervals Q 0.2 :
03534 5 6 1 2 3 4 5 6 1 2 3 4 5 6
p_ (GeV/c) p_ (GeV/c) p_ (GeV/c)

ALICE Collaboration, arXiv:1910.09718
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Comparison to more sophisticated %
coalescence model ALICE

* Data in 0-20 % and 20-40 % Ny wee E
centrality intervals compared to 2 osE ¢ o20% POoPD 1wy <202 TV 2
iEBE-VISHNU hybrid model with 2 gaE MEF
AMPT initial conditions i 5%?(':52%%'/,85'5'1302?2"31'%?°3”°e
—> Phase-space distribution of p and n > 02 8 s040n =
taken into account 0.1 E

= Hybrid model of viscous . E
hydrodynamics where nuclei are g O';ié_ E
formed by final-state coalescence i 0.05¢

* Data and model are in good 84).025

agreement

ALICE Collaboration, arXiv:1910.09718
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ALICE

Coalescence
parameters




The coalescence parameter B, ALTCE

ol e cr’)—\ :I T T | LI | L | L | L L | L | L | T T I:
‘ The prObabIIIty to form d 8 E VOM Multiplicity Classes E
£ S n ALICE Preliminary " -
nucleus can be quantlfled by %J 10 antideuterons, pp, Vs =13 TeV %:I((Xg) _:
the coalescence parameter B, S E PN I I
S N/ ) =242 vy (cs)
&N, j PSR T Suee
E : P
Ey dp, - nggggﬂuun [HIVIIl (x64) T
BA - 1 B #: [ = [ = ] : [m]IX (x 128) ]
d3Np 0 [8]X (x256) |
"y B e -
L e L . ]
e According to simple L L e AL N oy B e B =
coalescence predictions B, is - (AN, / ) = 26.22 -

M —. 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1
flatin p; 1002704 06 08 1 12 14 16 18 2
- This is the case for pp collisions p /A (GeV/c)

ALI-PREL-146141
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The coalescence parameter B,

ALICE

* However, this is not the case
in Pb-Pb collisions
—> Rise in p;

* Moving from central to more
peripheral collisions (i.e.
towards lower multiplicities)
the rise in p; becomes milder

Pb-Pb \s, = 5.02 TeV

NN

(Y/)-\
&
C\; * 0-5% * 5-10% * 10-20% 20-30%

8 107 30-40%  * 40-50%  ° 50-60% 60-70% =

= - e 70-80%  ® 80-90% o ppINEL Vs=13TeV -

m — ﬂn INEL normalisation uncertainty: 2.55% —

- mamumﬂﬂﬂ - i

1072 - +1 1 3

| oo © I o|® TT ° [ B L ® (3 |

- = e e e [ ] @ — =) o | oo | = M N

~ EE'_ elelel®®[® L\\LT?LL ° = N

| T Yo =1 @® ]

T s et ‘
nun d [ ( ]

109 o SreTelsiseer—s : —~

- el oo e[S ooTe] o [ e ] =

: u ° z o!® | [ ] i . . :

- DE LA ALICE Preliminary -

- = ® [ ]

% deuterons, |y| < 0.5
4 ]
1 0 :I | | | | | | | | | | | | | | | | | | | | | | | | | | | | I:
0.5 1 1.5 2 2.5 3
ALI-PREL-130476 pT/A <GeV/C)
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The coalescence parameter B, ALTCE

6‘\ | T T T T | T T T T | T T
* In p-Pb collisions rise in p; <§ 107 ALIcE VOA Multplcty Classes o
- p-Pb |5, = 5.02 Tev = 0-10% +10-20% (x2) 5
observed 8 - Fi 1 <ym< 0 + 20-40% (x4)  +40-100% (x8)
w102 - (3H; +°é“:|_e)/2 e Minimum-bias (x16) -
* B; has also been measured in R —— E
different collision systems - I e e -
10_3 = — — I + —
. . . = [ — — + | 3
* Comparison of B; in different P — | . ]
collision systems : ; -
Y Y I ‘ -
—~ Dependence of coalescent 107 E ¥ - E
production of the system size - '—’—'—’—':.:CD:E ]

| | | | | | | | | | | | |

0.5 1 15

pT/A (GeV/ce)

ALI-PUB-338970
ALICE Collaboration, arXiv:1910.14401

19.11.2019 ESTHER BARTSCH | UNI FRANKFURT | (ANTI-)(HYPER-)NUCLEI PRODUCTION AT THE LHC



Multiplicity dependence of B, ALICE

—~ 10%g————— T T T T T 3
] ] cog = B, coalesc., rCHe) =2.48 fm  SHM + blast-wave (ALICE nKp) -
» B; shows an evolution with L [ - fOHBT rad — - GC GSI-Heid. (T = 156 MeV) |
mlljl|t|p||c|ty’ regardless of the 8 10 = —— constrained 10 ALICE B, — - GSM (T = 155 MeV) E
collision system < S N i
- Production mechanism _ o 107 T =
depends only on the system size : 3 :
. e e, -5 _
- At lower multiplicities a flat 107¢ .
behavior is observed - e i
- System size smaller than nucleus 107° £~ ALICE Preliminary N 3
] o - = Pb-Pb VSnn = 2.76 TeV, PRC 93 (2016) 2, 024917 k. 3
o hlgher muitiplicities 2 07 o e s eins N g
decreasing trend is observed 0 i raTey T AR
—> System size larger than nucleus L[ pA=0%0Govie | | .

10— | | L1 1111 | | N T I | | | 11 1111 |

1 10 10° 10°

(dN ch/ d nlab>lnlab| <05
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Multiplicity dependence of B, ALICE

Cg\ T T T T T TTT T T T T T III| T T T T 1T II| T
* B, shows an evolution with N ALICE Preliminary |
s T L |
multiplicity, regardless of the o 10°F b A-075Gevie
collision system _ S F T -
- Production mechanism _ s [ -
depends only on the system size - %d, PP, ‘E:\{ETGV ...... -
o | [Ed, Pb-Pb,{sy=5.02Tev N B

- At lower multiplicities a flat 19" F [@d+d, pp, Vs = 7 TeV (PLB 794 (2019) 50-63) L g .. E
behavior is observed " [+]d+d, p-Pb, {5y, = 5.02 TeV (arXiv:1906.03136) {8 "]
—> System size smaller than deuteron " [#ld, Pb-Pb, \sy, = 2.76 TeV (PRC 93 (2015) 024917)  IN&_ |

. e ge ey B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)

* At higher multiplicities a 105 . param. A (it to HBT radii) =
decreaSIng ,trend is observed - —Param. B (constrained to ALICE B,) a
—> System size larger than deuteron N i

1 1 1 1 11 II| 1 1 11 1 III| 1 1 11 11 II| 1

10 102 10°
(chh /dn )

lab Inlabl <0.5

—
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Deuteron over proton ratio versus mu\tiplicitymICE

[ ] Ratio Of integrated yield OfA:Z nuclei 60007: T T T TTIT T T T T T T T T T T T
. . + [#]Pb-Pb, \s\,, = 2.76 TeV (PRC 93 (2015) 024917)
(deuterons) over integrated proton yield & ok @pPb. V=502 Tev anxivi1906.0313¢)
. ~ 7T [+ pp, Vs =900 GeV, d/p (PRC 97 (2018) 024615)
ShOWS d Clear trend as fu nction Of % — [¥|pp, Vs =2.76 TeV, d/p (PRC 97 (2018) 024615)  ALICE Preliminary
Y . . QN 0.005[— [Klpp, Vs =7 TeV, d/p (PRC 97 (2018) 024615)
mul'tl'plluty measured in different (@b, {5 - 7 TeV (PLB 794 (2019) 50.63)
collision systems 0.004 [ [EIPE-Pb. sy = 5.02 Tev
[%]pp, (s =13 TeV

* Increasing trend from pp to p-Pb and 0.003
saturation in Pb-Pb rather well described

Illllllllllllll

0.002 ‘ Thermal-FIST CSM (PLB 785 (2018) 171-174)
by thermal and coalescence models 1.2 i
0.001 —T=155MeV, V,=dV/dy

T

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

IlllIIIlIlllllllllllllllllllllllll

| IIlIIlI | 1 IIIIllI | 1 lllllll 1 1

1 10 10? 10°
(chh /dn )

lab Inlab|<0.5

ALI-DER-320862
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3He and triton over proton versus multiplicity

2018 high-statistics data set

ALICE

* Ratio of integrated yield of A=3 nuclei g [T AR S B
. . (0]

over integrated proton yield shows a 0% e ¥ Eﬁg__z
clear trend as function of multiplicity g r P i ¥ Jﬂ -
. . o« . 53 - . ‘,_—’Tﬁ ::: CSM (Thermal-FIST), pLB 785 (2018) 171-174 |
measured in different collision systems g iy T 155MeV, V. —av /dy .
Sq100 g -- T=155MeV, V,=3dV/dy
° Increa5|ng trend from pp to p_Pb and 8 Coalescence, PLB 792 (2019) 132-137 E
. . . = = = = Three-body 7
saturation in Pb-Pb rather well described & " ALIGE preliminary -~ Two-body i

He/( + p), Pb—Pb 2.76 TeV (I I<05) PRC 93 (2016) 2, 024917
by thermal and coalescence models 107k . .2 - He / 5+ D), Pb- o ety ™ oy |
= H/(p+p) Pb-Pb |5y, = 5.02 TeV (ly_ |<05) =
- e ( He+ He)/(p+p) p- Pb v_ 5.02 TeV( 1<y <0) arXiv:1910.14401 ]
- O(H+ H)/(p+p) p- va_ 5.02 TeV (- 1<y < 0), arXiv:1910.14401 m
- #2. He/(p+p) pp Vs =7 TeV (Iy I<05) PRCQ7(2018)2 024615 7]
10_8_ | .I(II-IIeIT He)/(p-‘-p)lpplq_l 13ITIeY(Iy I<05) | | | 1 1 II| | —

10 10° 10°

(AN /AT 1<0s

19.11.2019

ESTHER BARTSCH | UNI FRANKFURT | (ANTI-)(HYPER-)NUCLEI PRODUCTION AT THE LHC



ALICE

Hypertriton litfetime
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Hypertriton AL TCE

* Bound state of A, pand n

*m =2.991 GeV/c?, B, = 130 keV
—>rms-radius = 10.6 fm

~  d
______

* Decay modes: ?\H —3He + 7~
?\H —3H + 7Y
SH—d+p+n~
“H—d+n+ 7"

+ anti-particles

prim. vtx.
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Hypertriton AL TCE

* Bound state of A, pand n

*m =2.991 GeV/c?, B, = 130 keV
—>rms-radius = 10.6 fm

~  d
______

* Decay modes: ?\H —3He + 7~ ‘
iH—)gH + 70
SH—d+p+n~
“H—d+n+ 7"

+ anti-particles

prim. vtx.
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Hypertriton lifetime “puzzle N TCE

. D 500 — . Theoretical prediction
* Data before 2010 coming Q - A Bitimo - PO veluo "
. ~ - =+ =+ =+ H. Kamada et al., PRC 57 (1998) 1595
from emulsion and bubble 2 L 2 3w average tetime 1 Datte, . Fevet. oo, Gim_46 (1568766
chamber experiments S 400 — 1. CongetonJ. Phys G Nucl. Part. Phys. 18 (1962) 35
. 3 : = = = A Gal, H. Garcilazo, PLB 791 (2019) 48-53
* Most precise measurements _
coming from heavy-ion 300 |—
collisions I BT — | _ T
i j ; i
* ALICE measurement from ) s S e e i | Sl B it
2015 Pb'Pb data Set (red) jUSt : ( ;R180(1969)1307 ( NF)’BG7(1973)269 Ij T : Pb-Pb 5.02 TeV
pUinShed : + Science 328 (20’1\1:)2213(20:3?81324 (2016) 360
= Consistent with free A lifetime 100 — B 16 (1970 46 PRO 7 (2018) 054509
and World average : PR 136 (1964) B1803
N

ALICE Collaboration, Phys Lett. B797 (2019) 134905
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Hypertriton signal

2018 high-statistics data set

ALICE

. . . . . .. C’\l-\ _I L | T T 1 | L T 171 1T T 1 | L | L | L I_
* Peak clearly visible with high significance < 12°F _
% B ¢ Data ALICE Performance .
. o) . ~— —— Signal + Back d — ]
* Signal split in 9 ct bins = 00 e+ Beckaroun Pb-Pb |5, =502TeV ]
Al B . _
@" : ______ Background 2 < ¢t < 4 cm, 0'90 /O :
B 80— _
£ L §
-}
o B _
@) 60_— —
40— —
20— —
I I | | | I | | - J./'I' | 1 I‘}’~L | L1 1 I_’I' 1

L
2.96 2.97 2.98 2.99 3 3.01 3.02 3.03 3.04
M (*He + ) (GeV/c?)

ALI-PERF-335127

19.11.2019 ESTHER BARTSCH | UNI FRANKFURT | (ANTI-)(HYPER-)NUCLEI PRODUCTION AT THE LHC



Hypertriton lifetime

2018 high-statistics data set

ALICE

- Peak clearly visible with high significance = |
= 100 ALICE Preliminary =
e . : = E
Signal split in 9 ct bins g . P o =502TeV, 050% -
* ct spectrum of (anti-)hypertriton with ° L |
statistical and systematic uncertainties 2 _
and exponential fit - -
B I ¥ I~ ? | ]
I \\\
:I | | I | 11 1 1 | 11 1 1 | 11 1 1 | L1 1 1 | | I |:
0 5 10 15 20 25 30 35
ct (cm)

ALI-PREL-334667
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Hypertriton lifetime “puzzle”

2018 high-statistics data set

ALICE

(red) is most precise
determination of hypertriton 300 ! ALICE Preliminary
lifetime so far -

—~
3 500 B A lifetime - PDG value Theoretical prediction
~— - =« =+ H Kamada et al., PRC 57 (1998) 1595
GEJ 227 {H average lifetime R.H. Dalitz, M. Rayet, Nuo. Cim. 46 (1966) 786
= 400 — e . J. G. Congleton, J. Phys G Nucl. Part. Phys. 18 (1992) 339
° () |
LateSt ALICE measurement H_I: | = == == A Gal, H. Garcilazo, PLB 791 (2019) 48-53

i
Iaéa

. . . . D e T A T e N T P e T o ) :'_—_I-ﬁ'_ o - o - _]':|:'_—_ [k o o [ e =
® CO”S'Ste nt W|th free /\ ||fet| me 200 | PRL 20 (1968) 819 PRD 1 (1970) 66 ® ® PLB 797 (2019) 134905
| PR 180 (1969) 1307 NPB 67 (1973) 269 T
and WOI"|d ave rage B NPA913(_2013)170 +
— Science 328 (2010) 58 PLB 754 (2016) 360
100 — 4 NPB 16 (1970) 46 PRC 97 (2018) 054909
— PR 136 (1964) B1803
- Iﬂ Not included in world average
0
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Summary o Tk

* Light nuclei production in pp, p-Pb and Pb-Pb presented
* Light nuclei show significant radial and elliptic flow in Pb-Pb
* Production yields in Pb-Pb well described by the thermal model

* Coalescence parameters B,, B; and particle yield ratios show common trend
with multiplicity, well described by statistical and coalescence model

* Most precise determination of the hypertriton lifetime so far
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Backup
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Combined Blast-Wave fits

2018 high-statistics data set

ALICE

— 25
. Slmultaneous Blast-Wave fit of T, § . =
K*, p, d, t, >He and “He spectrain £ RN
central Pb-Pb collisions describes all g 1° - ===

particles quite well ! e i o o
o (nh+m)2 (K*+K)/2
0.5 ° £p+p/2 o d
® “He o I
. e ,.® Mg ., :--- CombinedBlastWavefit
* Fit ranges T
n:0.5-1.0 GeV/c o 2
K*:0.2-1.5 GeV/c S s
p: 0.3-3 GeV/c T

Rest: full range os

ALI-DER-329039
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