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Light nuclei in heavy-ion collisions

tme dt,°He « The study of the production of light (anti-)nuclei in high
T f / energy collisions is very important:
» The production mechanism is not well understood

» How/when do they form?
« “early” at chemical freeze-out (thermal production)
« or “late” at kinetic freeze-out (coalescence)?

> Do they suffer for dissociation by rescattering?

= Low binding energy (few MeV) "Snowballs in hell":
nuclei formation is very sensitive to chemical freeze-
out conditions and to the dynamics of the emitting
source

= Baseline for searches for exotic bound states

= Light nuclei measurements in high energy physics can
be used to estimate the background of secondary

anti-nuclei in dark matter searches
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Particle production at LHC

 Particle production in pp, p-Pb, and Pb-Pb collisions shows an
equal abundance of matter and anti-matter in the central rapidity

region
« Alarge number of particles is produced: dN_ /dn = 2000 (central
Pb-Pb collisions)
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Particle production at LHC

» Particle production in pp, p-Pb, and Pb-Pb collisions shows an
equal abundance of matter and anti-matter in the central rapidity
region

« Alarge number of particles is produced: dN_ /dn = 2000 (central
Pb-Pb collisions)
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Particle production at LHC
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» Particle production in pp, p-Pb, and Pb-Pb collisions shows an
equal abundance of matter and anti-matter in the central rapidity

« Alarge number of particles is produced: dN_ /dn = 2000 (central

region

Pb-Pb collisions)
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~ 80% of all charged particles are pions
=~ 5% of all charged particles are protons
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~ 80% of all charged particles are pions
=~ 5% of all charged particles are protons

e Even in heavy ion collisions, light (anti-)nuclei are rarely
produced:

> (Anti-)nuclei up to A = 4 are within reach

» For each additional nucleon the production yield at
LHC decreases by a factor of about 350!
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Experimental apparatus




arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

ACORDE

TRACKING
CHAMBERS,

ZDC
116m from |.P,

e

ABSORBER

ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044
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arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

) (D) L Inner Tracking System (ITS) :
' = Primary vertex
= Tracking
» Particle identification via dE/dx

ZDC
~116mfromLPp,

|
[ TRIGGER
lessg CHAMBER
= ZDC
116m from |.P,

DIPOLE
MAGNET,

ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044

29/03/2019 Antideuteron 2019- Ramona Lea




arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

B (D Inner Tracking System (ITS) :
: = Primary vertex
= Tracking

» Particle identification via dE/dx

Time Projection Chamber (TPC):
= Global tracking
» Particle identification via dE/dx

ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044
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arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

ACORDE

Inner Tracking System (ITS) :
= Primary vertex
= Tracking
» Particle identification via dE/dx
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TRACKING
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Time Projection Chamber (TPC):

i i = o | = Global tracking
R " A1) e = Particle identification via d£/dx

. = Trar e E Time Of Flight (TOF):
Toc | - N TRIGGER = Particle identification via velocity

': CHAMBER!
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ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044

29/03/2019 Antideuteron 2019- Ramona Lea




arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

S en e Inner Tracking System (ITS) :
' = Primary vertex
= Tracking

» Particle identification via dE/dx

Time Projection Chamber (TPC):
= Global tracking
» Particle identification via dE/dx

Time Of Flight (TOF):
= Particle identification via velocity
measurement

High Momentum PID (HMPID):
= particle identification via ring imaging
Cherenkov

ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044
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arge on ollider xperiment

ALICE particle identification capabilities are unique. Almost all known techniques are exploited:
specific energy loss (dE/dx), time of flight, transition radiation, Cherenkov radiation, calorimetry and
decay topology (V°, cascade).

ACORDE

Inner Tracking System (ITS) :
= Primary vertex
= Tracking
» Particle identification via dE/dx

Time Projection Chamber (TPC):
= Global tracking
» Particle identification via dE/dx

ZDC @
~116mfromLP,

Time Of Flight (TOF):
= Particle identification via velocity
measurement

High Momentum PID (HMPID):
= particle identification via ring imaging
Cherenkov

VO (A-C): Trigger, beam-gas event rejection,

centrality, multiplicity classes
3 /26
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Centrality of the collisions

Participants

before collision after collision

Centrality connected to observables via

Centrality = degree of overlap of the 2 colliding nuclei
Glauber model

Central collisions: .

= ALICE Pb-Pb at |sy, = 276 TeV

. % 3' + Data wE

» small impact parameter b S F DR g
e high number of participant nucleons = high Zoa N romnemaes ¢
multiplicity ki So— = e
10°* -
Peripheral collisions: . ol 8 g | .
e large impact parameter b CUEEE R e e e K

0 5000 10000 000 20000

15
VZERO amplitude (arb. units)
ALICE Collaboration, Phys. Rev. Lett. 106, 032301 (2011)

* low number of participant nucleons - low multiplicity
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Production of light (anti-)nuclei




ldentification of nuclej

Low momenta: specific energy loss in the TPC

e Nuclei identification via dE/dx measurement in the TPC:
> dE/dx resolution in central Pb-Pb collisions: around 6.5%
> Excellent separation of (anti-)nuclei from other particles over a wide range of momenta

g 10 Pb-Pb
5 N (5 =276TeV — Bethe-Bloch curves
-é &
=
O
ol
l_.
£
3 10°
Ly
o
1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
-2 -1 0 1 2
ALICE Collaboration, Phys. Rev. C 93, 024917 (2016) p/z (GeVic) (r|g|d|ty)
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ldentification of nuclej

Higher momenta: time-of-flight measurement in the TOF

e Velocity measurement with the Time Of Flight detector is used to evaluate the m?distribution
> Excellent TOF performance: o, = 85 ps in Pb-Pb collisions

e 11r o 4500
o g = - ALICE, Pb-Pb 0-10%, | 5, = 2.76 TeV
2 i 10° § 4000 2.6 GeVic < p_<2.8 GeVic
0.9 - 3500
E- 4 E
O.8F 10 3000 —
0.7 - -e- Data
i3 :_ . 10° 2500 = — Sign. + Backgr.
' g ot 3 2000 i - Backgr.
05F : : E
E PEA 10° 1500 F-
04 F Pb-Pb \SNN-E'?G TeV =
3 1000 -
0.3 : 10 E
0.2F 500
0.1:| lJlllIIll =i 1 :Illlllllllll|IIJI‘I\I\|II\I\IIII|IIII|II\I\1I
0 0.5 1 15 2 25 3 35 4 45 5 -2 15 -1 05 0 0.5 1 1.5 2
p (GeV/c) 2l 22 m?-m3 (GeV*c?)
:_p|cC t .
ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044 m = EANE 1)
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ldentification of nuclej

Higher momenta: Cherenkov angle determination in the HMPID

The particle identification in the HMPID detector is based on the measurement of the Cherenkov radiation
(O cerene, ) Which allows us to determine the square mass of the particle by the following formula:

1
m2:p2<n2 COSZB 1) COSBCherenkov:n_ﬁ

Cherenkov

1wk

E ALICE
10° k

- Pb-Pb ﬁ =2.76 TeV
centrality 0-10%
p=1.5GeV/c

10°

10° k

entries/0.02 GeV?c*

10°
107
10

ALICE Collaboration, Int. J. Mod. Phys. A 29 (2014) 1430044
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Deuteron p_spectra in pp collisions

‘; H T 17T T TT I TTT | T TT | T 1T | ' TTT | ] . .
Q I 7 T —
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“c L mﬁp | - S == 3
g 10 £ *ﬂg EEI = 10_45_ T VOM Multiplicity Classes 3
< C Ci ] . E %I*I‘m EL_EI (&)1 (x256) [@]ll (x128) 3
— b - - (o111l (x 64) IV+V(x32) -
A o <chh/d M) = 3-30 — 105 N | VI(x16) [@]VIl (x8) ~
10°°k - i . LR = W .\ L =Fof o7 ST
E VOM Multiplicity Classes El- 3 & I | : l | I .
E . I+II (x1ﬁ} ~“. E 1046 0.51 1 1 1 1 1 1 1 11.51 1 1 1 2 1 1 1 12.5I 1 1 1 3 1 1 1 13.51 1
- VI (x8) _ - p_ (GeV/c)
6 ALICE T
107¢ ‘:*:I:’:i’m deuterons Spectra are extracted in several multiplicity bins and fitted
C + 7 . / . . . .
o VilXaX (1) pp, V5 =7 TeV ] with Lévy-Tsallis function for the extraction of yields
107 Lo Tsaisse  M1<09 . 1 &N dN  (n—Dn-—2) I
EI 1 11 | | I | I | | L1 | L1 | | | | E _ (1 —|— u)
05 1 15 2 25 3 2rprdprdy  dy 2nnC[nC + mo(n — 2)] nC
ALICE Collaboration,arXiv:1902.09290 [nucl-ex] P (GeV/c) C. Tsallis, J. Stat. Phys. 52, 479 (1988) 980

STAR Collaboration, Phys. Rev. C75, 064901 981 (2007)
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Deuteron p_spectra in p-Pb collisions

- . -1
'-_: 10 ! VDA Multiplicity Class (Pb-side) ‘:G_ 10 VOA Multiplicity Class (Pb-side)
}_‘2‘ @ 0-10% (x16) = -@- 0-10% (x16)
8 102 ® 10-20% (x8) S 102 ® 10-20% (x8)
= ~@- 20-40% (x4) f ~@- 20-40% (x4)
§ -®- 40-60% (x2) > ®- 40-60% (x2)
—
Q 103 -@- 60-100% (x1) Q 10°% -@- 60-100% (x1)
S — blast-wave fits g — blast-wave fits
2 2
o o
=) © -4
3 10 3 10
3 ALICE preliminary § ALICE preliminary
4 p-Pb \s,,,=5.02 TeV 5 p-Pb \s,,, =502 TeV
10 P deute':on, 1<y<0 10 anti-deuteron,-1< y <0
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
P, (GeV/c) P, (GeV/c)

Spectra are extracted in several multiplicity bins and fitted with blast-wave
function for the extraction of yields

1 dN R inh h
ML P (L PRI T
pr dpt 0 kin f

E. Schnedermann et al.,, Phys. Rev. C 48, 2462 (1993)
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Deuteron p_spectra in Pb-Pb collisions

ALICE-PUBLIC-2017-006

ALICE Preliminary
= ¥l < 0.5

= .»ij =g Spectra are extracted in several
centrality bins and fitted with

1/N,, &®N/(dp_dy) (GeV/c)"

- -
= blast-wave function for the
= = : :

T e = - extraction of yields
107 gy, e, =
3 R ‘ “*demeor%n/s ’(PISD;Z[)) Ll 5'%2129/\/ (x256) -

—4 = [ -5% (x [ ] -10% (x

10 E g ’ o 10-20% (x128) 20-30% (x64) 5
= ) 30-40% (x32) o 40-50% (x16) =
10°° o= o 50-60% (x8) o 60-70% (x4) =
e 70-80% (x2) e 80-90% (x1) =
oo ---- Individual fit 0 ppINEL \s =13 TeV "]

INEL normalisation uncertainty: 2.55% a
JALE 2= 2= o | e ST | e [ 0 =y s [ Sy

|
1 2 3 4 5 6
P, (GeV/c)
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t and>He p_spectra in pp collisions
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g E TR o = t,ALICEpp \s=7TeV L ALICEpp Vs=7TeV  ;
= -t Tro-Tor S o °He, ALICE pp Y5=7TeV | o "He, ALICE pp Vs =7 TeV ]
: ' TPC- = ! -~ Tsallis |
% —Bethe-Bloch 10° %T_ 10_85_ m - <
A == ;
10° = i i £ 7
2 E - \\ _
B 100k I#I L s -
10 ’;l— : E £ ]
10 B & I I p -
- ! 1 :-] X J ]
P! 12| (Gevic) z 15 3 E [ — 1
= : : | ]
10_11:‘_||||||||||||||||||||1|||||||||||||:|_||||||||||||||||||||||||||||||\|‘-1|_F

0 1 2 3 4 5 6 0 1 2 3 4 5 6

P; (GeV/c)

First ever measurements of t and *He nuclei in pp
collisions

ALICE Collaboration, Phys. Rev. C 97, no.2, 024615 (2018)
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°He p_spectra in p-Pb collisions

T T T T ] T T T T [ T T T T l T T T T ; T T T T
10 ALICE Preliminary

§ 1 *He, p-Pb | 5, = 5.02 TeV
L T rrr[rrrr[rrrrrrrrr o % 3 VOA MUItipllClly Classes
L }p-Pb, sy =5.02 TeV, NSD - o «(0-10) % x1000 (10 - 20) % x100
% " 4<y<0 ALICE Preliminary | = 102 » (20 - 40) % x10 - (40 - 100) %
g 10'5_— —_ Q. 107
— o . 'g :-::.::-::.:
g f eSS ] s ———
_'-S\ : g - f:q:‘| : E‘ 1078 - : @
--ZT ; % QIIO 10° v 2
Z F ; . — 10°
- [ o T i T oal| AP B S (S N
'+] *Fe 0 1 2 3 4 5 6
10°E  [o] ®He N p, (GeVic)
- --- Blast-wave fit J
P ST S SR S Spectra are extracted in several multiplicity
p, (GeV/c) bins and and fitted with blast-wave function

for the extraction of yields
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°He p_spectra in Pb-Pb collisions

ALICE-PUBLIC-2017-006
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= "‘ E= :@ ] blast-wave function for the
S e == S ] traction of yield
3 extraction of yields
s B * |
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Anti-Matter production

ALICE Preliminary
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Anti-Matter production

ET T T I T T ™3
= ALICE Preliminary .
ALICE Preliminary _____ PbPb Y5y, =502 TeY 10° = p-Pb | 5, = 5.02 TeV .
B VOA Multiplicity Classes ]
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o E (20 - 40) % x10 = (40 - 100) % ]
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T E
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l ' =
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107 l | | l 1 g
; 0 1 2 3 4 5 6
H— T T +— T T pT (GeV/C)
gl tgmho ] . o
et [E e Anti-nuclei/nuclei ratios are consistent with unity
e ‘ (similar to other light particle species) in the
' TR TR T measured p_-interval

p. (GeV/c) » Ratios are constant as a function of p_and centrality
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*He production in Pb-Pb collisions

Pb-Pb 2015 run, \/SN =5.02 TeV negative particles

d *’@ﬂ; ALICE performance
1% % 20.04.2018 10°

w 1“1-‘ =
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Heaviest (anti-)nucleus observed (16 candidates in
Pb-Pb at 5.02 TeV)

Pre-selection using d£/dx measured in TPC

+30 from the expected value for 4He

Signal extraction from mass squared distribution
obtained using TOF




Nuclei production yield

T 02 ALICE
:-2; 10 ?E
10 o
1
10_1; Exponential decrease of the nuclei yield with the
10_2§ mass number
10‘35 .
F 3He Penalty factor for ad_dllng one baryon:
107 F e ~350in Pb-Pb collisions
10°E e ~600 in p-Pb collisions
6F e ~1000 in pp collisions
1075/ 0-10% Pb-Pb, | s, = 2.76 TeV
107k ‘He ‘He
C I I I I I |

< 3 I R —
10432 1 0 1 2 3 4

ALICE Collaboration Nucl. Phys. A 971, 1 (2018)
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Thermal model

= T T j Statistical hadronization model: thermal emission
3 107Ee Pb-Pbys\=2.76 TeV. 1 from equilibrated source
02k e 0-10% centrality ]
= - . P A ]
g 10E "*-l‘.'";: = {  Particle abundances fixed at chemical freeze-out
© 1 q)*'-.ﬂt., . E_
% “",.Q E
107 *d | N — 8V / s p?dp
10°F E 7 Sl A _ (E-us
af .."‘- . eXp [ ( Tchem )i| :l: 1
10°F R 1
; esH 1
10*F e Data, ALICE ha 1
10} Statistical Hadronization .. 1 = Primordial yields modified by hadron decays:
jgep — total (after decays) #ea « Contribution obtained from calculations based
p e prmordial on known hadron spectrum
090 "05 1 15 2 25 3 35 4 e Excellent agreement with data with only 2 free
Mass (GeV) parameters: T,V

Nature 561 (2018) no.7723, 321-330 arXiv:1710.09425 [nucl-th]
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Thermal model fit to ALICE data

K'+K" p+P SR Hie A At H e
> > > >
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10° Ertee | | ALICE Preliminary |
12 £ [N p—— : . PD-PD i5, =2.76 TeV, 0-10%

The p_-integrated yields and

ratios can be interpreted in
terms of statistical (thermal)
models
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104 [ [rrSHARES 156 = 3 15.1/9) lns

Particle yields of light flavor
hadrons (including nuclei) are
described with a common
chemical freeze-out temperature
(T,. =156+2 MeV)
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GSl-Heidelberg: A. Andronic, et al., PLB 697, 203 (2011); PLB 673, 142 (2009) 142

THERMUS: S. Wheaton, et al., CPC 180, 84 (2009)
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Coalescence model €

e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed
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Coalescence model

e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed

e Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space )

A

X
FIG. 1. Schematic for the production of a deuteron in

the final state of a relativistic collision between two
heavy nuclei.

J. I. Kapusta, Phys.Rev. C21,

1301 (1980)
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Coalescence model €

e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed

e Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space

« Assuming that p an n have the same mass and have the same p_ spectra, the yield of any nucleus

can be determined as A
d*Ny d>N,
Ex—— =B | Ey——
dpx dp;
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e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed

e Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space
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Coalescence model

e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed

e Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space

« Assuming that p an n have the same mass and have the same p_ spectra, the yield of any nucleus

can be determined as 3 3 \ A D)
d’ Ny d°N, 4w 1 M
E4 =B, | E,—2£ Ba= (=0 —
dpﬁ P g p3 3 Al'm
p
SR B p-Pb Pb-Pb
ultiplicity Classes — a G P L . O R B L B LA B
&; T e f)\lp_lcﬁE:?TeV = = YOA Multiplicity wih" E’b(;Fs’abf el =-55'2%;— eV « 10-20% 20-30% 7
& 1 M ::/I'i)\(fzxq d+’a = N% s Class (Ph-side) E 107 30-4;% 40-50;, . 50-50“/: . 50-700/: =
< E : z:l"l"l')'((’f)ms) 7 O} . [®] 0-10% = F © 70-80%  ® 80-90% © ppINELis=13TeV E
. AT - CDN = el10-20% m - ﬂ“ INEL normalisation uncertaint y: 2.55% ~
[ - : [— J - mﬂﬂmﬂmﬂﬂ -
- e e R e T - i 5] %igzgz sl '—'i il y
=1 ] F el gy [#140-607 b WeTs —[¢ = i e B
10 B uuﬂﬂunﬂﬂ“““ E s ﬁ_ fes0-100% C ;I;_:g—.i.'-..ﬁ. -_‘:‘?f o ]
- ] 6k =g B~ G O00 GO O D CEH OO0
i 1 I v BRRnOCHEE HEL S
2 Y Y v [V V] 4E  ALICE preliminary R rotminary ]
107 = mﬂﬂnnﬂnﬂnnn 3 2;_ P-Pb |s,, = 5.02 TeV, deuterons - %i' deuterons, [y|<0.r5Y T
C 7 Coo o oo byow oo by v o bwvoo o bywv o by sw ol oy s 4
RN RPN AVRVEN VAVEI SVAVETI NAVETI R B 107 rigsgul egpigiaeepy] 5wl ¢
02 04 06 08 1 12 1.4 1.6 1.8 65 1 15 2 25 § a5 4 05 '1 15 2 25 3
p/A (GeV/c) p, (GeVic) p/A (GeVc)

29/03/2019 Antideuteron 2019- Ramona Lea 19 /26




Coalescence model

e |f baryons at freeze-out are close enough in phase space and match spin state a (anti-)nucleus
can be formed

e Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space

« Assuming that p an n have the same mass and have the same p_ spectra, the yield of any nucleus
can be determined as

3 3 Aa-1)
/A =0.75 GeV/ PR R B=("n) =
p./A=0.75 GeV/c P P, 3 Alm
PA P
N r l\;nl\‘Al‘\nllt"l"'ltylc‘lHlHIIHWHI‘H“‘H‘ 20)(10'3 p_Pb Pb‘Pb
= L e Y iasses ALIGE @ F — T U e e T L A R
N%J ;:Illix(;;) pp, V5 =7TeV ﬁ‘-‘] 18 oA MUltlpl!L‘lly o ¢bt;-5°b/,\s”" .55.20%9 * 10-20% 20-30% 7
O 1o vevee d+d E % 16E A (Piaide) 3w 40% ¢ 40-50% ¢ 50-60% o 60-70% E
< E : z:l"ll’l')'(i’f)(x 18) ] < - f#] 0-10% = E o[70-do% ¢ 8090% o ppINEL1s=13Tev 3
L [ ] ] I:DN 14:_ fe]10-20% 1] INEL normalisation uncertain ¥ 255% ]
- | [=]
L =H=ﬂ + E . 12 i TI [®]20-40% el EIL: |15 ] y
=1 n 10 & [®]40-60% 3 Iy E
107 SCICE Y PR E 8E- = _;:%__ [®l60-100% S S oEsOEERaOUES 1
- ] 6E — Ll TR seee———5 ]
= v — E i = 5 elel® ..!.’ ’.s'j:##:_‘_‘l L ] 3
ﬂﬂﬂ- 4 ALICE paeliminary - ' a-:f']‘ilr'l‘iﬂﬂ'ml.' ALICE Prel ]
2 | - - F o e x reliminary -
10 : nnnnn - 25— pln-Pb \'s r=5.02':'ev,deu:erons 1 1 1 - deuterons, |y| <0.5 |
I IR VI B NI BT BRI SRR R e R R 10_‘;_‘ i : R o w o L g E 5 v -
02 04 06 08 1 12 14 1.6 1.8 S kA & B 8 5 A o5 i 75 > s 3
p/A (GeV/c) P, (GeVic) p/A (GeV/c)
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Coalescence parameter B,

Simple coalescence model
o Flat B vs p_ and no dependence on

0’/)\(-)\ I Ipbl T ||||| T T T T ||||| T T T T IIIII T | mulﬁplicity/centrality
PX g of ALICEEIeiminary v Observed in “small systems”: pp, p-Pb and
S 102 104 2}«?*&55@ Py d=Osoevie s = eripheral Pb-Pb
= E o0 I_ﬁh ' E p p
. i “/d, pp, Vs =13 TeV Plﬂ C i
[¢]d+d, pp, Vs =7 Te EH i
VOM Multiplicity Classes i
107 [#+d, p-Pb, {5y = 5.02 TeV Y ._:
E e . # il
E VOA Multiplicity Classes (Pb-side) Pb Pb H 8 =
" [a]d, Pb-Pb, Sy = 5.02 TeV i i ; i
- [#]d, Pb-Pb, {5, = 2.76 TeV (PRC 93 (2015) 024917) .
10*4 1 1 1 [ ] l| 1 1 1 Lk &} II 1 1 1 o IS ] | 1
1 10 10?
<chh / dnl b>| <05
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Coalescence parameter B,

Simple coalescence model
o Flat B vs p_ and no dependence on

e T T IIIIII| T IIIIIIII T T IIIIIII T

o multiplicity/centrality
= ALICE Preliming: v Observed in “small systems”: pp, p-Pb and
Vs S = peripheral Pb-Pb
3RNRI o " '@H .
i “/d, pp, Vs =13 TeV 'Pb C i
[¢]d+d, pp, Vs =7 Te EH i
VOM Multiplicity Classes i
107 [#+d, p-Pb, {5y = 5.02 TeV Y ._:
E e . # =
E VOA Multiplicity Classes (Pb-side) Pb Pb H 8 =
" [a]d, Pb-Pb, Sy = 5.02 TeV i i ; i
- [#]d, Pb-Pb, {5, = 2.76 TeV (PRC 93 (2015) 024917) .
10*4 1 1 1 [ ] I| 1 1 1 Lk &} II 1 1 1 o [ || 1
1 10 10? 10°
<chh / dnlab>|nlabl <05
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Coalescence parameter B,

Simple coalescence model
o Flat B vs p_ and no dependence on

R L i i multiplicity/centrality
B ppH E " A'-'/‘/’\E_Pr:'"g‘:‘:’y v Observed in “small systems”: pp, p-Pb and
g gl 1Tt E‘BM 'pT o peripheral Pb-Pb
N ﬁa Pp. "5‘;13T9V _pr (. | More elaborate coalescence model takes into account
d+d, pp, Vs=7Te | .
[ Vomwottey lsss 4 : the volume of the source: —
107E" [#]d+d, p-Pb, sy = 5.02 TeV ﬂ : .—E B, — 3 <Od>
E VOA Multiplicity Classes (Pb-side) Pb-Pb HE 7 2mTR3 (mT)
B ik S L By 1« B scales like HBT radii (R)
- [#]d, Pb-Pb, \[s, = 2.76 TeV (PRC 93 (2015) 024917) i 2
- - = » decrease with centrality in Pb-Pb is explained as
Lk 10 102 an increase in the source volume
o dn b>| 1<05 » increase with p_in central Pb-Pb reflects the k-
dependence of the homogeneity volume (i.e.
e volme with smiar flow properties) n 8’
K. Blum et al., PRD 96 (2017) 103021 v Qualitative agreement in central Pb-Pb collisions
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Coalescence parameter B,

Simple coalescence model
o Flat B vs p_ and no dependence on

e T T IIIIII| T IIIIIIII T T IIIIIII

i pp . multiplicity/centrality
L P " ALSERloTmindry v Observed in “small systems”: pp, p-Pb and
E1F olp | % ﬁﬂnﬂ ."’T’A=°'75G9V/C = peripheral Pb-Pb
iy’ : |_| 2
@ B - = H 5 .
[320aper b= oo oy -Pb . 1 More elaborate coalescence model takes into account
| [lod pp, 5 =7 Te g 1 the volume of the source:
VOM Multiplicity Classes B 3/2
10_3;_ [¢]d+d, p-Pb, {5 = 5.02 TeV . ._E By = 37 <Cd>
E VOA Multiplicity Classes (Pb-side) Pb H 8 ] 2mT RS (mT)

[a]d, Pb-Pb, |5, = 5.02 TeV
[+]d, Pb-Pb, |5 = 2.76 TeV (PRC 93 (2015) 024917)

o B, scales like HBT radii (R)

: | | ) » decrease with centrality in Pb-Pb is explained as
0—4 1 I R R S TR 1 L b 1 AN R O I O

: = |02 an increase in the source volume

(dN /dﬂlab>m (<0, > increase with p_ in central Pb-Pb reflects the K -

dependence of the homogeneity volume (i.e.
volume with similar flow properties) in HBT

Qualitative agreement in central Pb-Pb collisions
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Coalescence parameter B,

m’g‘ 10—1 EI T T T 1T | T T 1 l LI B I | | L | T EI T T T 1 | T o i o | T T T 1T | L L L 6('; El =l L | ISR = I T T T I | | | T 11 I L | |5 | I e | E
o t, ALICE pp Vs =7 TeV C i, ALICE pp Vs =7 TeV I E *He, ly| < 0.5 .
=> i e > Ezl

& e *He, ALICE pp Vs =7 TeV - © He, ALICE pp Vs=7TeV 8 2 Pb-Pb |5y = 5.02 TeV .

o t, Bevalac p-A E, = 2.1 GeV f, EPOS (LHG)" o z‘I’:D : i

. 0-10% * 10-40%

@ 102F | e, BevalacpA E,-21GeV - ‘He, EPOS (LHC)" E 100 o -
- * with afterburner | g = e ] ® 40-90% 3
T [ E----¢----] B = ]

103k L i E s ¢ ] 5
g Z : 3 | nn o
_____ 107 E e ] =
b o o - .
10_4 E_ E__ T - ¢ i - i
i - 107 = ALICE Preliminary —
-I 1 1 1 1 I 111 1 I 1 1 1 1 I 1 1 11 I 1 -I 1 1 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 1 :I I | ] [ | | | ] | = I ) S | L1 | | ] I 1 1 1 | § =i | | | [ I  faedl (S5 | I i} I:
0 0.5 1 15 2 0 0.5 1 15 2 06 08 1 12 14 16 18 2 22 24 26 28
/A (GeV/c
ALICE Collaboration, arXiv:1709.08522 p,/A (GeVic) ALICE-PUBLIC-2017-006 Pr/AL )

B, of (t)t and (*He)*He measured in pp and Pb-Pb collisions
First ever measurements of the B, of t and *He in pp collisions
Increasing trend with p_and centrality observed in Pb-Pb collision
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Light nuclei production: Deuteron to proton ratio G

N T T TR T Il T T | I OO o T 1 { FENSE O ) I T T
i -Pb, {Sy, = 502 TeV .

[ [#]p-PD, Vo i ALICE Preliminary
[ VOA Multiplicity Classes (Pb-side)

~ [m]Pb-Pb, s, =5.02 TeV .
- [®]pp, Vs =7 TeV

I|II]IIIIIIIIIII|IIII

— % |pp, Vs =13 TeV

I VOM Multiplicity Classes H - H- -l = -H - =k = H-HH %'H mmm-

‘ i

- e éj 44 )

u ! [#]Pb-Pb, s, = 2.76 TeV (PRC 93 (2015) 024917) a
- pp, Vs = 900 GeV, d/p (PRC 97 (2018) 024615)
o PHpp, Vs = 2.76 TeV, d/p (PRC 97 (2018) 024615)
C Bklpp, Vs = 7 TeV, d/p (PRC 97 (2018) 024615) 7]
B 1 1 IIIIII| 1 IIIIIII| | 1 IIIIII| 1 II_
1 10 10°

10°
<chh / dnlab>|n|ab|<0.5

ALICE

« d/p increases with multiplicity going from pp to peripheral Pb-Pb : consistent with simple coalescence (d « p?)
« No significant centrality dependence in Pb-Pb : consistent with thermal model (yield fixed by T, )

e Smooth transition: is there a single particle production mechanism?
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Outlook — Run 2 data

-
(=]
T

- ALICE Performance.
- pp\s=13TeV

TOF B

TPC dE/dx signal (arbitrary units)

2

e pp collisions at Vs = 13 TeV: new results are expected soon for light (anti-)nuclei production
 p-Pbcollisions at Vs =5.02 TeV and Vs, = 8 TeV collected at the end of 2016 - will provide new

and more precise measurements
e Pb-Pbrun at the end of 2018: expected a significant increase of statistics > more precise

measurements
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Outlook — ALICE upgrade

After the Long Shutdown 2 ALICE will be able to collect data with better performance at higher
luminosity

e Expected integrated luminosity: ~10 nb™ ( ~ 8x10° collisions in the 0-10% centrality class)

 New ITS: less material budget and more precise tracking for the identification of hyper-nuclei

e All the physics done for A =2 and A = 3 (hyper-)nuclei will be possible also for A =4
© '

> 10° ;_ ALICE Upgrade projection 8  ALICE Upgrade projection |
> POPD |5y =5.5TeV (0-10%) S C Pob-Pb, | 5, = 5.5 TeV (0-10%)
8 10 = _ d g i _iH —°He + m* :
CT 10°F — °He g " B.R.=25%(" -
(0] E 4 O 2] ‘H >%He + nt
= He 10° —
o = A
< 10° = g & B.R. = 50% (*) .
- 10° Q i ‘He > °He+ p + :
- 3 " B.R.=32% () '
10° % " (*) theoretical
" A <A i i
10F g .
5 - 1
107 :
E 1 1 lIlIlIl 1 1 IJJIH‘ lll IILIJll L 1 IJHI][ 1 | 1 L 1[ ;|[|||| 1 11 |||]]I 1 L1
10° 102 107" 1 10 1 102 107 1 10
Min. bias integrated luminosity (nb™) Min. bias integrated luminosity (nb™
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Conclusions

e Study of (anti-) nuclei is an important tool to study hadronization for
multi-baryon systems

e Thermal model successfully describes nuclei yields
o Survival of loosely bound states at T,..,>> binding energy is not
understood yet
o B, reveals system size dependence of hadronization
e d/p ratio:
e Increasing trend (qualitatively) described by coalescence
e Plateau consistent with thermal model value

« New and more precise data are expected from the LHC on the presented
topics in the next years. These will provide stricter constraints to the
theoretical models
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“More elaborate” coalescence model

« For “large” systems, the size of the emitting volume (V)

has to be taken into account:

e the larger the distance between the protons and
neutrons which are created in the collision, the less likely

it is that they coalesce

e The source can be parameterized as rapidly expanding

under radial flow (hydro)

e The coalescence process is governed by the same

GeV?/c)

correlation volume (“length of homogeneity”) which can be

extracted from HBT interferometry

e The source radius enters in the B, a

nd in the quantum-

mechanical correction (C,) factor that accounts for the size
of the object being produced (d, *He, ...)

(27)°

A{C4)

‘/eff(Aa Mt) (
Ve (1, my)

A-1
mtv:eff(lamt)>
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1078

10

R. Scheibl, U. Heinz, PRC 59 (1999) 1585-1602
K. Blum et al., PRD 96 (2017) 103021

F.Bellini and A. P.Kalweit, arXiv:1807.05894 [hep-ph].

Q.

pJA=0.75 GeV/c
| ®m | ALICE, ppVs=7TeV

["® ] ALICE, Pb-Pb |5, = 2.76 TeV
Coal., fd) =3.2 fm

L e GSI-Heidelberg (Tyen = 156 MeV) + —
a blast-wave (nKp, Pb-Pb {5, = 2.76 TeV) 3
E_I L L I L L L L I L L L L I L L L L I L L L L I L L L I_i
1 2 3 6
R (fm)

Good description of the data
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ldentification of nuclei: secondaries

The measurement of nuclei is strongly affected by background from knock-out from material

m —
"g' I d o 20 TPC dE/dx cut
3 b @ 1.4<plzl<15GeVic
4|
107 E IDCA |<3.2 cm
B Q0O
i ALICE
108 | Pb-Pb, \sy =276 TeV

b (T PR Y
102 -'_l’-"..‘u‘-.'_i""“!":ﬁ':‘.e!"-' Lﬁ' ,cu s
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ldentification of nuclei: secondaries

The measurement of nuclei is strongly affected by background from knock-out from material

> Rejection is possible via fitting the DCA, distributions with templates

w) -
o F € | ALICE, Pb-Pb 0-10%, |5, = 2.76 TeV
= : - 20 TPC dEfax cu 3 ! 0.9 GeV/e 1.0 GeV/e
3 - od @ 1.4<plzl<15GeVic o ' <p; <t
© 10tk IDCA |<3.2 cm 10°
- 2~ - d
- €2 i -o- Data
ALICE o i %4 Material
103 |- Pb-Pb, sy =276 TeV 10° R Zn'm:n'.:s
= Q — Comb. fit
- o)
B )
10° E
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ldentification of nuclei: secondaries

The measurement of nuclei is strongly affected by background from knock-out from material

> Rejection is possible via fitting the DCA, distributions with templates

ﬂ B
C n
: ——
o] od 8
O 0tk 5
E - d
N .
E 99
I ALICE oo
103 = Pb-Pb, ‘ISNN=2-75 TeV 5 ?:)
i 6 b
B r ;
: &
kS O
1026354

20 TPC dE/dx cut
1.4 < pllz|< 1.5 GeV/c
|DCAJ¢&2cm
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Not relevant for anti-nuclei.

However, larger systematic uncertainty
from hadronic interaction cross section




Precise mass measurement

ALICE Collaboration: Nature Phys. 11, 811 (2015)

» The precise measurement of the mass difference | I
between nuclei and their anti-counterparts allows to §103-d 1a0ave<ohl<Eocevc | 3 10% THE 1scevccpri<zocave
probe any difference in the interaction between
nucleons and anti-nucleons.

10F

e« Looking at the mass difference between nuclei and ik "o e H
their anti-nuclei it is possible to test the CPT invariance £ | d L S TR
of the residual QCD “nuclear force” ° °

10F

%: _._é *He-Tie :-.-gll;lfiredictioni —IOE 1k + #
(0] 4 H _ H -_.;: i L 1y 1 ! L
. » d-d H w 25 3 35 4 4.5 5 1 15 2 25 3
& 1 r ' 0.T5 H_ 18 (mszmF(Gevﬂjc*) (mfzﬁOF (GeV¥/cY)
-0.002 —O.ri:n”z{?“m.lg.l?al 0.002 ! |
HeMe & i T . . : .
T b 1, e Masses and binding energies of nuclei and anti-
e i ) ’ | nuclei are compatible within uncertainties
:;.?__Dﬁn"gis dd —_ed:— DENT1, KES98 |2 . . . .
; g | e Measurement confirms the CPT invariance for light
1l | IR T S | I —t | 1 | L 1 L | L | 0 .
01 005 0 005 01 -1 05 0 05 1 nuclei
A(m,‘lzl)M AEAI
(mifz)), e
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Precise mass measurement

. . ALICE Collaboration: Nat Phys. 11, 811 (2015
e The precise measurement of the mass difference oraboration: Tattre Ty (2015)

between nuclei and their anti-counterparts allows to Lepons _ouanks _BGSIRE _Wesons eAmvoNs _NUGLEI _AToMS

probe any difference in the interaction between & [ o (W e | ceos Jio
: fi i . £ | [AYRES71] | Podd s
nucleons and anti-nucleons. g 10°F 5 L | mem 0
I S 5 -
» Looking at the mass difference between nuclei and £ w'f o | P
their anti-nuclei it is possible to test the CPT invariance & «°f .. =g | 510t
of the residual QCD “nuclear force” g 107" e o
3 F 3"
Siof 107
:: ; -8~ ALICE : % 107 i Ko'ﬁo E 107
> W .~ === CPT prediction ; —103 - ; Eoeld : : i (P
%4_ E-d-a o 10T Ag I Am I Am l Am I Am I A(m/|z]) | Q(e) =10
E | L el Lo 1, 34e-°He 5—.— 8 g m m m m m/|z|
~0.00; _o'?i;n”zﬁ;(m]g]?m 0.002 : ]
*He*He ¢ o ! i . ) . . .
- j e s . _
8 | 1, Masses and binding energies of nuclei and anti
e i | nuclei are compatible within uncertainties
-—-;9——03:;:5 d.a —_ed:— DENT1, KES98 |2
; : | e Measurement confirms the CPT invariance for light
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Anti-nuclei in pp collisions

Searches for dark matter WIMP candidate decayingind |o
and *He require estimate of expected secondary o=
astrophysical background (secondary anti-nuclei ‘fg\f
. . . . @}
produced in cosmic ray interactions) x 9
= >
Precise measurement of coalescence parameters at the E‘E
LHC can provide constraints for models B
a £
o L L B B B B S B UL I LR
= t, ALICE pp Vs =7 TeV E of ALICEpp Vs =7 TeV ]
§ e °He, ALICE pp (s =7 TeV i o_aH_e,AUCEpp Vs=7TeV
e t, Bevalac p-A E, = 2.1 GeV t, EPOS (LHC)*
©102E e BevalacpA E,=2.1GeV [ - ‘e EPOS (LHO)* E

* with afterburner
T [ ]
1oL - 1 Poisson

e g ] probability for
i [ﬂ:b e 1 detecting N1, 2,
ol . —E%] 4+ 3,4°%Heeventsin
: g 1 a5-yranalysis of
bbb AMISO2
pT/A(GeV/c)

ALICE Collaboration, arXiv:1709.08522
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J [1/(m2ssrGV)]

prob(>= N events) [%]

pbar

dbar

B, [GeV*]

107

arXiv:1704.05431

K. Blum et al.,



Anti-nuclei in pp collisions

Searches for dark matter WIMP candidate decayingind o
and *He require estimate of expected secondary o=
astrophysical background (secondary anti-nuclei =R = 0
. . . . owm 2
produced in cosmic ray interactions) x%  §rhees
= =
. goliig) = B
Precise measurement of coalescence parameters atthe g 2 Wi g
LHC can provide constraints for models =
a £
o L L B B B B S B UL I LR
< t, ALICE pp Vs =7 TeV F f, ALICE pp Vs =7 TeV ]
3 e °He, ALICE pp {5 =7 TeV L o °Fe, ALICE pp Vs =7 TeV
= {, Bevalac p-A E, = 2.1 GeV [ -1, EPOS (LHO)" 1 2 ™~
D 102F | e, BevalacpA E,=2.1GeV  F - “He. EPOS (LHO)" . i —71 o
g £ " with afterburner 3 —_—n (@
o T [ ﬂﬂ ] - —3 =
10k i ] Poisson = — §
A g ] probability for £ g
i [ﬂ:b e | detecting N21, 2, %101 §
0 £ - 1 3, 4 3He events in = -
g g { ab5-yranalysisof £ %
s T T T s T 0 s T s e AMIS02 5 L
p./A (GeVic) e
. | =
ALICE Collaboration, arXiv:1709.08522 After ALICE i e e 2w O
B, [GeV| N
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(‘/E—)“'- " T T | T T T | T T T T T T
5“; - ALICE
8 0.04[~ anti-deuterons, pp INEL, s =7 TeV
e [ e B, PRC 97 (2018) 024615
m L
= 0.03— [ 8,
@ B
0.021—
0.01—

04 06
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1
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pT/A (GeV/c)
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B, of anti-deuterons as a function of the
transverse momentum per nucleon p_/A
compared with the experimental data for B,
measured in inelastic pp collisions at Vs =7 TeV

VI to X . .
Y (Ni/N) B (Sp)
i=I+11

VIII to X 2
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i=I+11
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Coalescence Model and HBT

The size of the emitting volume (V_ ) has to be taken into account: the larger the distance between
the protons and neutrons which are created in the collision, the less likely is that they coalesce

-

R
(small fireball) (large fireball)
In detail, it turns out [1] that the coalescence process is governed by the same “length of
homogeneity in the source” which can be extracted from two particle Bose-Einstein correlation
(HanburyBrown — Twiss (HBT) interferometry [2]): - B~ 1/V_

3 TCS/2<Cd> 2(m,—m)
B,= > > e
2m,Ry(m, )R, (m,)
The strong decrease of B, with centrality in Pb-Pb collisions can be naturally explained as an
increase in the emitting volume: particle densities are relevant and not absolute multiplicities

1
T"p T*d

[1]R. Scheibl and U. Heinz, Phys.Rev. C59, 1585 (1999)
[2]A review can be found in : U. Heinz, Nucl. Phys. A 610, 264c (1996)
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Centrality of the collisions: p-Pb and pp

Multiplicity estimator: slices in VZERO-A (VOA) amplitude
Central collision
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VZERO-A amplitude (a.u.) Correlation between impact

parameter and multiplicity is
not as straight-forward as in Pb-Pb
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