
Recent results on nuclei and 

anti-nuclei production in ALICE

Manuel Colocci for the ALICE collaboration

University and INFN – Bologna (Italy)



ISR 𝑠 = 53 GeV, pp →  d + X
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Why study light nuclei?

Nuclei probe late-stage evolution of heavy-ion collisions 

Lack of experimental data in pp collisions

• anti-deuterons at CERN ISR

• anti-3He and anti-tritons never observed in pp

Testing model predictions e.g. hadron coalescence

High interest in space-based experiments (AMS-02)

→ primordial anti-matter and Dark Matter searches

Search for strange matter 

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019
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Nuclei production mechanisms
1. Statistical Hadronization Model (SHM)

- Yields of hadrons (and nuclei) fixed at chemical freeze-

out (assuming statistical equilibrium)

- Hadron abundances proportional to exp(-m/Tch)

- Large reaction volume (VT3>1) in Pb-Pb

→ grand-canonical description

- Production yields (dN/dy) described over 9 orders of 

magnitude (including nuclei) in central Pb-Pb coll.

- in small systems VT3<1

→ canonical ensemble description

2. Coalescence

- Nuclei form by merging of final-state nucleons which are close in phase space (x, p) after the kinetic freeze-out 

- Coalescence parameter (BA) is the key parameter, defined as:

- Theoretical calculations of BA available in e.g. Scheibl and Heinz, PRC 59 (1999) 1585

- Recent implementations in Bellini, Kalweit, PRC 99 (2019) 054905 and Sun, Ko, Donigus, PLB 792 (2019) 132

Andronic et al, Nature 561 (2018) 321
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ALICE experiment

ITS

Run 1 (2009-2013) Run 2 (2015-2018)

pp 0.9, 2.76, 7, 8 TeV pp 5.02, 13 TeV

p-Pb 5.02 p-Pb 5.02, 8.16 TeV

Pb-Pb 2.76 TeV Pb-Pb 5.02 TeV

Xe-Xe 5.44 TeV

Optimized for Particle 

Identification at low momenta 

in a very high-multiplicity 

environment

Many particle detection 

techniques employed

(17 detectors) / low material 

budget
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ALICE experiment

ITS

TOF

ITS

T0, V0

TPC

ITS (|η|<0.9)

6 layers of silicon detectors

Trigger, vertex, tracking, PID (dE/dx)

TPC (|η|<0.9)

Gas-filled cylindrical barrel, MWPC 

readout

Tracking, PID (dE/dx)

TOF (|η|<0.9)

Multigap RPC

PID (time-of-flight)

T0 (4.6<η<4.9 and -3.3<η<-3.0)

2 arrays of Cherenkov (T0A, T0C)

Luminosity, vertex, event collision time

V0 (2.8<η<5.1 and -3.7<η<-1.7)

Forward arrays of scintillators

(V0A and V0C)

Trigger, beam gas rejection, 

multiplicity, centrality

ZDC centrality determination

Run 1 (2009-2013) Run 2 (2015-2018)

pp 0.9, 2.76, 7, 8 TeV pp 5.02, 13 TeV

p-Pb 5.02 p-Pb 5.02, 8.16 TeV

Pb-Pb 2.76 TeV Pb-Pb 5.02 TeV

Xe-Xe 5.44 TeV

ZDC

ZDC
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PID

TPC+TOF: 6 anti-tritons and 10 3He candidates

→ first ever observation in pp

ITS: separation of primary and secondary 

nuclei (from material knock-out)

Low momenta: TPC (dE/dx) Higher momenta: TOF (m2) 

ALICE, PRC 97 (2018) 024615

ALICE, PRC 97 (2018) 024615
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Deuterons, tritons and 3He

and their anti-nuclei in pp at LHC Run 1

= mass number
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ALICE, PRC 97 (2018) 024615

→ reduction of the pT integrated yield (dN/dy) is

about 1000 for each additional nucleon in pp

In p-Pb this penalty factor is about 600

~300 in Pb-Pb collisions ALICE, NPA 971 (2018) 1

d
3He

3H
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Deuterons, tritons and 3He

and their anti-nuclei in pp at LHC Run 1
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 𝐀/𝐀 ∝ ( 𝐩/𝐩)A →  d/d ∝ ( p/p)2

and  𝐩/𝐩 approaches unity with increasing energy

d
3He

3H

ALICE, PRC 97 (2018) 024615
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3He in pp and p-Pb
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arXiv:1910.14401 [nucl-ex]

3He pT spectra measured in pp, p-Pb and Pb-Pb collisions

→ a comparison between different systems (pp, p-Pb, …) can be performed

3He 3He
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3H in p-Pb
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3H pT spectra measured in p-Pb collisions

3H

arXiv:1910.14401 [nucl-ex]

Bellini, Kalweit, PRC 99 (2019) 054905

Sun, Ko, Donigus, PLB 792 (2019) 132

→ 3H/ 3He discriminates between 

different implementations of 

coalescence and tests the validity of 

SHM (where 3H/ 3He=1)    
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Bellini, Kalweit, PRC 99 (2019) 054905
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3He

→ coalescence probability is 

suppressed with multiplicity by the 

increasing size of the hadronic 

emission region (quantified by HBT 

radii)

𝐵𝐴 ∝ 𝑉1−𝐴

3He coalescence parameter (B3) 

Two “regimes” observed:

1. flat: V < nucleus size

2. decreasing: V > nucleus size

Coalescence

Bellini, Kalweit, PRC 99 (2019) 054905

Grand Canonical SHM (GC GSI-Heid.)

Andronic et al, Nature 561 (2018) 321

Canonical Suppression SHM (CSM)

Vovchenko et al, PLB 785 (2018) 171

1

2
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Bellini, Kalweit, PRC 99 (2019) 054905
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→ coalescence probability is 

suppressed with multiplicity by the 

increasing size of the hadronic 

emission region (quantified by HBT 

radii)

𝐵𝐴 ∝ 𝑉1−𝐴

Two “regimes” observed:

1. flat: V < nucleus size

2. decreasing: V > nucleus size

1

2

Coalescence

Bellini, Kalweit, PRC 99 (2019) 054905

Grand Canonical SHM (GC GSI-Heid.)

Andronic et al, Nature 561 (2018) 321

Canonical Suppression SHM (CSM)

Vovchenko et al, PLB 785 (2018) 171

d

d coalescence parameter (B2) 
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d/p ratio

1

2

Coalescence

Sun, Ko, Donigus, PLB 792 (2019) 132

• d/p higher by about a 

factor 2 in Pb-Pb w.r.t. pp

• Two different regimes:

1. increasing: canonical 

suppression in SHM

2. flat: (almost) no multiplicity 

dependence observed

d
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3He/p ratio

1

2

Coalescence

Sun, Ko, Donigus, PLB 792 (2019) 132

• 3He/p higher by about a 

factor 10 in Pb-Pb w.r.t. pp

• Two different regimes:

1. increasing: canonical 

suppression in SHM

2. flat: (almost) no multiplicity 

dependence observed

3He

First (anti-)3H measured in Pb-Pb!
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pp, 𝑠 = 7 TeV

15

pT dependence of B2

pp, 𝑠 = 13 TeV

d• In pp B2 is approximately flat in pT, 

in agreement with simple 

coalescence approach

see Csernai and Kapusta, Phys. Rept. 131 (1986) 223
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pT dependence of B2

• In pp B2 is approximately flat in pT, in 

agreement with simple coalescence 

approach

d

see Csernai and Kapusta, Phys. Rept. 131 (1986) 223

• when integrating over all 

multiplicities B2 is observed to 

increase with pT

→ hardening of primary proton 

spectra across multiplicity 

explains the result (no need to 

introduce hard scattering effects)
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ALICE
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Blum et al., PRD 96 (2017) 103021B3 (B2) at LHC can constrain 

secondary anti-nuclei flux near Earth
induced by CRs interactions with interstellar 

matter (H, 3He mainly)

Essential for segregated anti-matter 

and Dark Matter searches

(CR anti-deuterons and anti-3He suggested as 

probe of DM annihilation)

← Poisson probability for detecting N (1, 2, …) 

secondary
𝟑𝐇𝐞 events in 5-yr analysis of AMS-02

Input for DM searches 

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019



Hypernuclei
Few highlights  
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Bellini, Kalweit, PRC 99 (2019) 054905
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Hypertriton

Hypertriton (Λ
3H) is the lightest strange nucleus (pnΛ)

- Λ
3H seen for the first time in 1952 in cosmic rays

- anti-Λ
3H first observed by the STAR experiment in 2010 Science 328 (2010) 58

𝚲
𝟑𝐇

m = 2.991 GeV

BΛ = 0.13 ± 0.05 MeV

unstable, (weak) decay modes

Λ
3H → 3He + π− (+ c.c.)  

Λ
3H → 3H + π0

Λ
3H → d + p + π−

Λ
3H → d + p + π0

(B.R. 25%)

(B.R. 13%)

(B.R. 41%)

(B.R. 21%)

B. R. not well known

only few theoretical calculations available 

Kamada et al., PRC 57 (1998) 4

P
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(anti-)𝚲
3H identification in ALICE

𝚲
𝟑𝐇

m = 2.991 GeV

BΛ = 0.13 ± 0.05 MeV

unstable, (weak) decay modes

Λ
3H → 3He + π− (+ c.c.)  

Λ
3H → 3H + π0

Λ
3H → d + p + π−

Λ
3H → d + p + π0

(B.R. 25%)

(B.R. 13%)

(B.R. 41%)

(B.R. 21%)
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𝚲
3H lifetime

• Very small BΛ (130 keV) led to the 

hypothesis that the Λ
3H lifetime is 

slightly below the free Λ

• Few theoretical predictions 

available 

- first one by Dalitz and Rayet (1966)

- latest determination by Gal and 

Garcilazo (2019)    

Latest ALICE measurement is the most precise determination so far

→ exclude large deviations from free Λ life time

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019
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… few words about the upgrade
ALICE has started a huge upgrade in preparation for LHC Run3 and Run4

→ expected Pb-Pb ∫ℒ = 10 nb-1 at 50 kHz collision rate

C
it
ro

n
 e

t 
a

l.
, 

a
rX

iv
:1

8
1

2
.0

6
7
7

2
 [
h

e
p

-p
h

]

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019



23

ALICE has started a huge upgrade in preparation for LHC Run3 and Run4

→ expected Pb-Pb ∫ℒ = 10 nb-1 at 50 kHz collision rate

Possibility to investigate A=4 (anti-)hypernuclei and A=5 (anti)nuclei

and improve accuracy for A=3 (hyper)nuclei
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… few words about the upgrade
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Projection for future LHC pp runs

… few words about the upgrade

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019

Citron et al., arXiv:1812.06772 [hep-ph]

Low pT O(1 GeV/c) more relevant → good news for ALICE!
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Conclusions
Unique tracking/PID capability of ALICE allows one to clearly identify

light (anti-)nuclei at LHC energies

SHM model describes reasonably well not only hadrons but also loosely bound 

objects

Validity of hadron-coalescence models tested at LHC

Valuable inputs for Astroparticle Physics provided

The most accurate 𝚲
𝟑𝐇 lifetime measurement reported

Possibility to look for rarer anti-nuclei signals and to improve accuracy for A=3 

(hyper)nuclei in the future LHC runs 

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019
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Backup

Manuel Colocci – XSCRC2019 – CERN – 15 Nov 2019
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LHC runs

System Year(s) √sNN (TeV) Lint

Pb-Pb

2010-2011 2.76 ~75 μb-1

2015 5.02 ~250 μb-1

2018 5.02 ~0.9 nb-1

Xe-Xe 2017 5.44 ~0.3 μb-1

p-Pb
2013 5.02 ~15 nb-1

2016 5.02, 8.16 ~3 nb-1, ~25 nb-1

pp

2009-2013
0.9, 2.76, 

7, 8

~200 μb-1, ~100 nb-1, 

~1.5 pb-1, ~2.5 pb-1

2015,2017 5.02 ~1.3 pb-1

2015-2017 13 ~25 pb-1
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ALICE in Run 3 and Run 4
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Model predictions
Bellini, Kalweit, arXiv:1807.05894v1 [hep-ph]
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SHM expectations
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SHM in STAR
Andronic et al, PLB 697 (2011) 203



ALICE, PRC 93 (2016) 024917

Blast-Wave model fit
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Blast-Wave (BW)
[Schnedermann, Sollfrank and Heinz, PRC 48 (1993) 2462]

hydrodynamics-inspired model describing 

particle production assuming a radially 

expanding thermalized source

BW fits simultaneously π, K, p and d, 3He 

→ kinetic freeze-out conditions for 

nuclei identical to those of other light 

flavor hadrons
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3He elliptic flow
arXiv:1910.09718 [nucl-ex]
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2H elliptic flow

ALICE, EPJ. C77 (2017) 658
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3H, 4He spectra in Pb-Pb

First (anti-)triton and (anti-)4He pT spectra in Pb-Pb at LHC!
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B2 in p-Pb and Pb-Pb

Scheibl and Heinz, PRC 59 (1999) 1585

more boxlike transverse density profiles are preferred 

in heavy-ion collisions…

arXiv:1906.03136v1  [nucl-ex] 



ALICE, PRC 97 (2018) 024615

INEL collisions
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B3 in pp
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Blum et al., PRD 96 (2017) 103021

ALICE (pp)

B2


