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• a hot and dense partonic medium is created that undergoes a radial expansion  
• rapid expansion described using hydrodynamical models
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Heavy Ion collisions

Light (anti-)(hyper-)nuclei are soft 
probes and it is interesting to 
investigate their production in HIC 
since they are loosely bound objects

Soft Probes

• Low pT (pT < 2 GeV/c) light flavoured 
objects coming from the interaction 
region 

• They are produced in the late stage of 
the collision 

• Useful to study the freeze-out conditions

• study of hadronic matter under conditions of high energy density (~18 GeV/fm3) 
and temperature (~300 MeV) 

• a hot and dense partonic medium is created that undergoes a radial expansion  
• rapid expansion described using hydrodynamical models

- U. W. Heinz, “Concepts of heavy ion physics” (2004) 
- C. A. Salgado, “Lectures on high-energy heavy-ion collisions 

at the LHC” (2009)📚
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What is an hypernucleus?

Hypernucleus  
a nucleus that contains at least one hyperon in addition to nucleons  
First observation in 1952 by Danysz and Pniewski Phil. Mag. 44 (1953) 348

Hypertriton ( 3H): bound state of p, n and Λ, is the lightest known hypernucleus 
• Mass = 2.99116 ± 0.00005 GeV/c2 [1] 
• Λ binding energy = 0.13 ± 0.05 MeV [1] 
• lifetime: world average = 216 +16 ps [2] 
• decay channels: 

Λ

➡ Mesonic (MWD) 
➡ Non Mesonic (NMWD)

p n

Λ

[1] D.H. Davis., Nucl. Phys. A 754 (2005) 3-13  
[2] C. Rappold et al., Phys. Lett. B 728, 543 (2014)

Mesonic channels

Channels
3He+𝜋-

3H+𝜋0

d+p+𝜋-

d+n+𝜋0

n+p+p+𝜋-

n+n+p+𝜋0

Branching 
Ratio [3]

37,3% 60,1% 0,94%

[3] H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603

Study of the production in the 
accessible decay channels (charged 
products only)  
➡ 2-body (B.R. ≅ 25%) 
➡ 3-body (B.R. ≅ 41%)

-19
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http://www.hephy.at/user/friedl/misc/folder/nuclear_emulsion/Danysz_Pniewski.pdf
http://www.sciencedirect.com/science/article/pii/S0375947405000047
https://www.sciencedirect.com/science/article/pii/S0370269313010125
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.57.1595
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How (hyper-)nuclei can be produced?

A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stoecker. Phys. Lett. B 697, 203 (2011)

LHC

Thermal model

• Hadrons emitted from the interaction region in statistical 
equilibrium once the chemical freeze-out temperature is 
reached 

• Key parameter is chemical freeze-out temperature Tchem 

• Abundance of a species ∝exp(-m/Tchem) 
➡ For hypernuclei (large m) strong dependence on Tchem

�7
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1302 JOSEPH I. KAPUSTA
d'n„ 1 d'n~~
dP" P dp:]~ ~

where the momentum independent coefficient is
not important for our purposes but can be cal-
culated. A1.so, relativistic effects and differences
between proton and neutron densities have been
neglected. The important point about Eq. (1) is
the factor 1/P'. This arises because the nucleon
pair must transfer their excess energy momen-
tum to the nucleus via the static optical potential
before they can become a real deuteron in the
final state. In the bulk of relativistic heavy ion
collisions the projectile and target interact so
strongly and quickly that one can no longer speak
of a static nuclear optical potential. This pro-
duction mechanism can probably be ruled out.
Schwarzschild and Zupancic' then pointed out

that, independent of the detailed production
mechanism, the deuteron density d'n, /dp' should
be proportional to the square of the proton density
(d'n~/dP')~ The. coefficient may be momentum
dependent (perhaps only weakly so) and will de-
pend on details of the mechanism. This state-
ment of a "square law" behavior is just a re-
flection of the final state phase space assumed.
A pair of independent nucleons in the final state
somehow transfer energy momentum to the rest
of the system to form a deuteron. See Fig. (1).
The derivation of the coalescence model for

deuterons goes as follows. " Let yd'n„/dP' be
the relativistically invariant momentum space
density for nucleons before coalescence into
deuterons. %e assume that protons and neutrons
have equal densities but the formulas can be
generalized to include the nonequal cases. Con-
sider a sphere in momentum space centered at p
and with a radius Po The probability for finding
one primary nucleon in this sphere is

1 4m, d'nN
Po V dp3 7

where M is the mean nucleon multiplicity. The
purely statistical probability for finding two nu-
cleons in this sphere is

P„(2)=( )P'(1—P)" '. .

If MI'«1 andM» 1 then the last factor is ap-
proximately one. Hence

d'n, 1 4m, ~ d'n„
dP' 23 'FdP'

If we also take into account spin and isospin then
the formula becomes

d'n„3 4m, )' d'n~& d'n„
y dp' =

4 3 p"'iy dp'll y dp'

The unspecified parameter P, is a number to
be taken from fits of this formula to experi--
mental data. In principle P, could depend on p,
but then this simple momentum phase space model
would have no predictive power. Note that Eq. (5)
applies for a single impact parameter.
At this point one might ask what the mechanism

is that allows a pair of free nucleons to coalesce
into a deuteron. Mathematically this model says
that whenever a proton and a neutron are within
a momentum -Po of each other and in the correct
spin state then they will coalesce. P, is not pre-
dicted by the model, but assumed to be on the
order of the Fermi momentum of the deuteron.
Energy-momentum conservation during coales-
cence is not considered to be a problem because
the deuteron is so weakly bound. After all, in
the initial state of the heavy ion collision the
nucleons are off their mass shell by -S MeV,
there may be multiple two or three body collisions
in the intermediate state as well as virtual pions
to boost a final state deuteron on to its mass
shell.
An advantage of the momentum space coales-

cence model is its generality. It is pure phase
space and statistics and makes no assumptions
about the details of theproduction mechanism.
This is also a limitation since it cannot predict
how P, varies with projectile and target size,
beam energy, or even whether P, is really inde-
pendent of deuteron momentum.

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

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

III. THERMODYNAMIC MODEL

The thermodynamic model' accounts for light
composite particle production by assuming that
the projectile and target nuclei or portions there-
of form an intermediate complex, or fireball, "

How (hyper-)nuclei can be produced?

A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stoecker. Phys. Lett. B 697, 203 (2011)

LHC

Thermal model

• Hadrons emitted from the interaction region in statistical 
equilibrium once the chemical freeze-out temperature is 
reached 

• Key parameter is chemical freeze-out temperature Tchem 

• Abundance of a species ∝exp(-m/Tchem) 
➡ For hypernuclei (large m) strong dependence on Tchem

Coalescence model
• (Anti-)baryons close in phase space at the kinetic 

freeze-out can form a (anti-)(hyper-)nucleus 
• (Anti-)(hyper-)nuclei formed at the chemical freeze-out: 

- might break up 
- regenerate in the time interval between chemical and 

kinetic freeze-out J. I. Kapusta, Phys.Rev. C21, 1301 (1980)  
J. Steinheimer et al. Phys. Lett. B 714, 85-91 (2012)
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https://www.sciencedirect.com/science/article/pii/S0370269311001006?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.21.1301
http://www.sciencedirect.com/science/article/pii/S0370269312007204
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A Large Ion Collider 
Experiment
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Large Hadron Collider

https://cds.cern.ch/record/1997193

• In the LHC particle beams (protons and Pb ions) are accelerated up to the energy 
of 6.5 TeV per beam per nucleon

CERN acceleration chain
�9

https://www.youtube.com/watch?v=RDdPuL-uOQc
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A Large Ion Collider Experiment

• General purpose heavy ion apparatus 
• Excellent particle identification (PID) capabilities (σ ~ 5-7%) and low material 

budget (~ 7.26% X/X0) 
• Most suited detector at the LHC to study the (anti-)(hyper-)nuclei production in 

the collisions
�10
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A Large Ion Collider Experiment

• 6 Layers of silicon detectors 
- Pixel, Drift and Strip detectors 
- rmin = 3.9 cm, rmax = 43 cm 
- |η| < 0.9 

• Main purposes: 
- Trigger, vertexing and tracking 
- PID via dE/dx

Inner Tracking System

More details on ITS:
ALICE Collaboration, JINST 5 (2010) P03003

�11

http://iopscience.iop.org/article/10.1088/1748-0221/5/03/P03003/meta
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A Large Ion Collider Experiment

Time Projection Chamber

• Gas-filled ionization detection volume 
- 90 m3 of Ne-CO2 or Ar-CO2 
- rmin = 85 cm, rmax = 247 cm 
- |η| < 0.9 

• Main purposes: 
- Tracking and vertexing 
- Weak decay reconstruction (e.g. Λ) 
- PID via dE/dx

More details on TPC:
J. Alme et al., Nucl. Instrum. Methods A 622 (2010) 316-367
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A Large Ion Collider Experiment

Time-Of-Flight

• Multi-gap resistive plate chambers 
- rmin = 370 cm, rmax = 399 cm 
- |η| < 0.9 

• PID in the intermediate momentum 
range: 
- via velocity determination  
- time resolution σTOF ~ 80 ps 

More details on TOF:
ALICE Collaboration, JINST 3 (2008) S08002
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002/meta


Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018

Nuclei identification

• Nuclei production studies performed via: 
- Particle IDentification (TPC, TOF) 
- Topological selection 

• Distance-of-Closest-Approach (DCA) 
distributions used to separate primary 
particles from secondary particles (e.g. 
knock-out from material)

at Low momentum

at High momentum

TPC

TOF

�14
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A Large Ion Collider Experiment

V0A

V0C

V-ZERO

• Two arrays of scintillator detectors 
- V0A (2.8< η < 5.1) and V0C (-3.7< 
η < -1.7) 

• Main purposes: 
- trigger, beam-gas rejection  
- centrality and multiplicity estimator  

• Event selection based on total charge 
deposited in the V0A and V0C 
detectors (“V0M”)

V0M amplitude (arb. units)
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More details on V0:
ALICE Collaboration, JINST 8 (2013) P10016
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Theory
The centrality of the collision is defined by the absolute value of the impact parameter 
vector b

Most central collision ⟺ Smallest b
Experimentally
It is possible to correlate the charged particle multiplicity to an impact parameter value 
by fitting data with predictions from Glauber model 

- centrality class defined as percentile of the total cross-section
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ALICE Collaboration, ALICE-PUBLIC-2015-008 (2015)

Centrality of a collision
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ALICE Collaboration, ALICE-PUBLIC-2015-008 (2015)

Centrality of a collision

ALICE Collaboration, Phys. Rev. C 91 (2015) 064905
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.064905
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Collision systems at the LHC

Pb-Pb
√sNN

2.76 TeV
5.02 TeV
5.44 TeV

Study of the hot 
and dense matter

Study of these three collision systems is fundamental to improve our knowledge of 
hadronisation and strong interaction at extreme regimes of energy density

Xe-Xe
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Collision systems at the LHC

Pb-Pb
√sNN

2.76 TeV
5.02 TeV
5.44 TeV

p-Pb 
Pb-p

p-p

Study of the hot 
and dense matter

Study of nuclear 
matter effects

Reference for 
measurements in 
other systems

Study of these three collision systems is fundamental to improve our knowledge of 
hadronisation and strong interaction at extreme regimes of energy density
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0.9 TeV

2.76 TeV
5 TeV
7 TeV
13 TeV

√sNN
5.02 TeV
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Xe-Xe
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Production in Pb-Pb: 

Nuclei

�18
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Deuteron and 3He spectra
√sNN = 5.02 TeV

• deuteron and 3He spectra measured as a function of centrality classes 
• Pronounced hardening of deuteron and 3He pT spectra with increasing centrality 
→ radial flow 

• pT spectra are fitted with the Blast-Wave [4] function → yield extrapolation to 
unmeasured regions

ALICE-PUBLIC-2017-006 

[4] E. Schnedermann et al. Phys. Rev. C 48, 2462 (1993)

�19

https://cds.cern.ch/record/2272148?ln=en
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.48.2462
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Anti-nuclei/nuclei ratio

ALICE-PUBLIC-2017-006 [5] ALICE Collaboration, Phys. Rev. C 88 (2013) 044910 

• At the LHC energies the antiproton/
proton ratio [5] is compatible with the 
unity: 
- regime of nuclear transparency is 

reached → evanescent baryo- 
chemical (μB∼0) potential in the 
mid-rapidity region  

• Thermal and coalescence models 
predict for a nucleus X with mass 
number A: 

• Results of d/d and 3He/3He in Pb-Pb 
collisions confirm the prediction: 
- pT and centrality independent

X

X
⇡

✓
p

p

◆A

√sNN = 5.02 TeV
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Anti-nuclei/nuclei ratio
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Coalescence parameter BA

ALICE-PUBLIC-2017-006 

• The probability to form a nucleus via coalescence can be quantified by the 
coalescence parameter BA: 

- A is the mass number 
- pp = pA/A 

• According to simple coalescence predictions BA is pT flat: 
- simple coalescence does not describe the trend observed in Pb-Pb collisions 

• The rise in pT becomes milder moving from central to peripheral collisions

√sNN = 5.02 TeV

BA = EA
d3NA

dp3A
/

✓
Ep

d3Np

dp3p

◆A
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Deuteron elliptic flow
√sNN = 2.76 TeV

• The v2 of the deuteron is compatible with the prediction of the Blast-Wave model:
- scale the BW fits to 𝜋/K/p spectra to the deuteron mass → hint of a common 

thermal production

Elliptic flow measured 
with scalar product 
method

ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658

vn{SP} =
hun,i(pT, ⌘) · Q⇤

n
M i

q
hQ

⇤
n,A

MA
· Q⇤

n,B

MB
i
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Deuteron elliptic flow
√sNN = 2.76 TeV

• The v2 of the deuteron is compatible with the prediction of the Blast-Wave model:
- scale the BW fits to 𝜋/K/p spectra to the deuteron mass → hint of a common 

thermal production
• The simple coalescence model does not describe the v2 of the deuterons:

-                       → at lower energies able to describe deuteron v2vd2(p
d
T ) = 2 · vp2(2p

p
T )

Elliptic flow measured 
with scalar product 
method

ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658
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3He elliptic flow
√sNN = 5.02 TeV

The v2 of 3He is measured 
using the Event-Plane method: 
- Reconstruction of the Event 

Plane (estimator of the 
Reaction Plane) 

- v2 computed as: 

R2 is the event plane resolution

v2 =
1

R2

⇡

4

Nin�plane �Nout�of�plane

Nin�plane +Nout�of�plane

In-plane

Out-of-plane

Pb

Pb
• v2 of 3He measured in three centrality classes: 

- increase while going to peripheral collisions 
- smooth rise with pT 
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3He elliptic flow
√sNN = 5.02 TeV

• v2 of 3He shows a different behavior with respect to v2 of deuteron
- overall agreement of the prediction from Blast-Wave fit to lighter 

species is better in the most central collisions
- simple coalescence expectation (green points) is closer for the results 

in 40-60% centrality
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4He production yields
√sNN = 2.76 TeV

ALICE Collaboration, Nucl. Phys, A 971 (2018) 1-20 

• the production of the heaviest anti-nucleus ever has been measured in 
Pb-Pb at 2.76 TeV and “rediscovered” also in Pb-Pb at 5.02 TeV

• the prediction by the thermal model of exponential decrease in nuclei 
production rate is confirmed
- in Pb-Pb the penalty factor for adding one baryon is ~ 300
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Production in Pb-Pb: 

Hypertriton
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Hypertriton identification
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3He

• (Anti-)hypertriton production studies performed via two charged body decay channel 

• 3He and 𝜋 tracks identified via specific energy loss in TPC 

• Secondary vertex reconstructed exploiting the algorithm used for the V0 topology 
• Signal raw yields extracted with a fit to the invariant mass distribution: 

• Method used both for production and lifetime analysis
f(m) = Nsig · fsig(m) +Nbkg · fbkg(m)

3
⇤H !3

He + ⇡�



𝜋

p

d

DCA 𝜋
to PV

Primary
Vertex

DCA d
to PV

DCA p
to PV

Secondary
Vertex

dca
dp

dca
d𝜋

dca
p𝜋

ϑ

Decay Length

Pointing angle
3HΛ

Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018

Hypertriton identification

• (Anti-)hypertriton production studies 
performed via three charged body 
decay channel 

- higher Branching Ratio compared 
to the two body, but also larger 
combinatorial background 

• d, p and 𝜋 tracks identified via specific 
energy loss in TPC 

• Topological and kinematical selections 
on the daughter tracks 

• Secondary vertex reconstructed as the 
point at minimum distance to the 
selected tracks 

• Signal raw yields extracted with a fit to 
the invariant mass distribution, as 
previously shown
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3H productionΛ

ALICE, Phys. Lett. B 754 (2016) 360-372

√sNN = 2.76 TeV
• pT spectra were measured in most 

central collisions at 2.76 TeV: 
- Blast-Wave fit to extrapolate yield 

in the unmeasured regions  

• Similarly pT spectra have been 
measured in semi-central collisions at 
5.02 TeV 

• In Pb-Pb collisions at 5.02 TeV yields 
measured as a function of the 
charged particle multiplicity: 
- dN/dy in three centrality classes 

- increasing trend can be interpreted 
in the thermal model as related to 
the volume of the created medium 

Antimatter-to-matter ratio in agreement 
with unity within the uncertainties
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3H coalescence parameterΛ

ALICE, Phys. Lett. B 754 (2016) 360-372

√sNN = 2.76 TeV • (Anti-)hypertriton B3 measured in 
central collisions at 2.76 TeV: 
- rescaled for a comparison with 

deuteron B2

- rise with pT not expected by simple 
coalescence 

• In Pb-Pb collisions at 5.02 TeV B3 
measured in semi-central collisions: 
- separately for matter and anti-

matter 

- almost flat behavior as a function of 
pT as supposed in coalescence 
picture 

• Despite the different energies B3 is 
higher in semi-central than in central 
collisions

Proton and Λ spectra used the 
calculations are measured at the same 
energies 
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dN/dy vs B.R.

ALICE, Phys. Lett. B 754 (2016) 360-372

√sNN = 5.02 TeV√sNN = 2.76 TeV

• (Anti-)hypertriton Branching Ratio is not precisely known 
- only constrained by the ratio between all charged channels containing a pion 

• Thermal model predictions done for different B.R. values → agreement in the 
range 0.24 - 0.35 with equilibrium thermal models
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3H ratios to light hadron yieldsΛ

√sNN = 5.02 TeV

• Ratio to light hadron yields more sensitive to the chemical freeze-out temperature 
• 3H/p and 3H/d compared with THERMUS predictions as a function of Tchem

• Range Tchem = 153-165 MeV in agreement with Tchem = 156 MeV obtained at 2.76 
TeV

ΛΛ

THERMUS:  
S. Wheaton, et al.,CPC180, 
84 (2009)
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3H-to-3He ratioΛ

• Ratios for most central collisions (√sNN = 2.76 TeV and √sNN = 5.02 TeV) are in 
agreement with predictions from Hagedorn resonance gas (HRG) and thermal 
models 

• The new result at 5.02 TeV might give a hint for an evolution with charged particle 
multiplicity

• Predictions from coalescence and for lower multiplicities are needed

THERMUS: S. Wheaton, et al., 
CPC180, 84 (2009) 

GSI-Heidelberg: A. Andronic, et al., 
PLB 697, 203 (2011); PLB 673, 142 
(2009) 142 

SHARE3: G. Torrieri, et al., CPC 
167, 229 (2005); CPC 175, 635 
(2006); CPC185, 2056 (2014)
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Strangeness population factor

Strangeness population factor S3 [6,7] 
is defined as: 

• independent on the chemical 
potential of the particles and 
additional canonical correction 
factor for strangeness is cancelled 

• ALICE results at 5.02 TeV is:
- compatible with the published 

results at 2.76 TeV and with those 
at lower energies 

- in agreement with the prediction of 
the equilibrium thermal model  

• Coalescence predictions available 
only up to top RHIC energies

S3 =

3
⇤H

3He
⇥ p

⇤

[6] E864 Collaboration, T. A. Armstrong et al. Phys. Rev. C 70, 024902 (2004) 
[7] S. Zhang et al. Phys. Lett. B 684, 224-227 (2010)
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The standard model for A-A collisions?

• Thermal model successful in reproducing the particle yields measured in Pb-Pb 
collisions at √sNN = 2.76 TeV → (anti-)(hyper-)nuclei included in the fit 

• This result suggests that (hyper-)nuclei production happens at the hadronisation
• The present formulation of thermal model seems to be the standard model 

of particle production in A-A collisions 

ALICE Collaboration, Nucl. Phys, A 971 
(2018) 1-20 

THERMUS: S. Wheaton, et al., CPC180, 
84 (2009) 

GSI-Heidelberg: A. Andronic, et al., PLB 
697, 203 (2011); PLB 673, 142 (2009) 
142 

SHARE3: G. Torrieri, et al., CPC 167, 
229 (2005); CPC 175, 635 (2006); 
CPC185, 2056 (2014)

√sNN = 2.76 TeV
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The standard model for A-A collisions?

• Larger data sample collected in LHC Run2 and improved reconstruction and 
analysis techniques reduced the uncertainties.

• Although describing qualitatively well the particle yields, there is less agreement 
between the thermal model prediction and the particle yields 

• Does the model need further tuning and improvement?

THERMUS: S. Wheaton, et al., CPC180, 
84 (2009) 

GSI-Heidelberg: A. Andronic, et al., PLB 
697, 203 (2011); PLB 673, 142 (2009) 
142 

SHARE3: G. Torrieri, et al., CPC 167, 
229 (2005); CPC 175, 635 (2006); 
CPC185, 2056 (2014)

√sNN = 5.02 TeV

�36

https://www.sciencedirect.com/science/article/pii/S0010465508002750?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465508002750?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269311001006?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269311001006?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269309001609?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269309001609?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465505000755?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465505000755?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465505000755?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465506002918?via=ihub
https://www.sciencedirect.com/science/article/pii/S0010465514000812


�37Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018

Production in  

small systems
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Deuteron production

• pT spectra becomes harder with increasing multiplicity in p-Pb → hint of radial 
flow
- the Blast-Wave (BW) function describe the data well in p-Pb and is used for the 

yield extrapolation to the unmeasured regions 

• deuteron B2 is almost flat as a function of pT while it increase while going to lower 
multiplicity in p-Pb → compatible with simple coalescence picture

p-Pb, √sNN = 5.02 TeV
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Deuteron production

• The fit is performed with a Levy-Tsallis 
function [8] used for the yield extrapolation 
to the unmeasured regions 

• Also the pT spectra as a function of charged 
particle multiplicity do not show a 
pronounced hardening 

[8] C. Tsallis, J. Stat. Phys. 52 (1988) 479

pp, √s = 7 TeV

pp, √s = 13 TeV
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Anti-deuteron/deuteron ratio

pp, √s = 13 TeV pp, √s = 7 TeV

• In the regime of nuclear transparency thermal and coalescence models 
predict for a nucleus X with mass number A: 

• Results of d/d in p-p collisions confirm the prediction: 
- pT and multiplicity independent

X

X
⇡

✓
p

p

◆A
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Coalescence parameter B2

pp, √s = 13 TeV

pp,  
√s = 7 TeV

• The probability to form a 
(anti-)deuteron via coalescence can 
be quantified by the coalescence 
parameter B2: 

• B2 measured in p-p collisions as a 
function of charged particle 
multiplicity: 
- B2 is flat as a function of pT

- B2 increases while going to lower 
multiplicities 

• This behavior is in agreement with 
the simple coalescence model

BA = EA
d3NA

dp3A
/

✓
Ep

d3Np

dp3p

◆A
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3He production

• pT spectra measured in 4 multiplicity bins in p-Pb
- show a hardening with increasing multiplicity  

• 3He/3He ratio in agreement with unity as a function of pT and multiplicity

• B3 measured in p-Pb collisions as a function of charged particle multiplicity: 
- almost flat as a function of pT, except for the lowest multiplicity class

p-Pb, √sNN = 5.02 TeV
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Unified description 
of nucleosynthesis?
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Nucleus over proton ratio

• d/p ratio does not show 
discontinuity between different 
colliding systems

• Two different regimes: 
1. Increasing: rise at low multiplicity 

compatible with the description of 
the coalescence models 

2. Flat: at high multiplicity there is 
no dependence of the ratio on the 
multiplicity, in agreement with 
thermal model predictions 

3. Suppression(?): still not 
significant with these 
uncertainties 

• On the other hand 3He/p ratio 
shows factor 5 step between 
small systems and Pb-Pb

Is there a unique production 
mechanism depending only on the 

system size?

1

2
3?

deuteron-over-proton
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Nucleus over proton ratio

• d/p ratio does not show 
discontinuity between different 
colliding systems

• Two different regimes: 
1. Increasing: rise at low multiplicity 

compatible with the description of 
the coalescence models 

2. Flat: at high multiplicity there is 
no dependence of the ratio on the 
multiplicity, in agreement with 
thermal model predictions 

3. Suppression(?): still not 
significant with these 
uncertainties 

• On the other hand 3He/p ratio 
shows factor 5 step between 
small systems and Pb-Pb

3He-over-proton

5x

If the factor 5 is confirmed by studies on 
larger data samples, then a unified 

description will be more challenging
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Multiplicity dependence of BA

• The measurement of B2 does 
not show discontinuity between 
different colliding systems

• Two different regimes: 
1. Flat: the system size is smaller 

than deuteron size 

2. Decreasing: the system size gets 
larger than the deuteron size 

• This behavior has been 
qualitatively described by 
parametrizing the coalscence 
parameter using the system 
HBT radius R: 

Is there a unique production 
mechanism depending only on the 

system size?

1

2

B2

GeV2
⇡ 0.068

"✓
R(pT)

1fm

◆2

+ 2.6

✓
b2

3.2fm

◆2
#�3/2

K. Blum et al., Phys. Rev. D 96 (2017) 103021
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(Anti-)hypertriton 
lifetime

Can we still 
talk about a 

puzzle?
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[1] D.H. Davis., Nucl. Phys. A 754 (2005) 3-13  
[2] C. Rappold et al., Phys. Lett. B 728, 543 (2014) [3] H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603

Hypertriton ( 3H): bound state of p, n and Λ, 

is the lightest known hypernucleus 
• Mass = 2.99116 ± 0.00005 GeV/c2 [1] 

• Λ binding energy = 0.13 ± 0.05 MeV [1] 

• lifetime: world average = 216 +16 ps [2] 

• decay channels: 

Λ

➡ Mesonic (MWD) 
➡ Non Mesonic (NMWD)

-19

Hypertriton

Mesonic channels

Channels Branching Ratio [3]

3He+𝜋-

3H+𝜋0
37,3%

d+p+𝜋-

d+n+𝜋0
60,1%

n+p+p+𝜋-

n+n+p+𝜋0
0,94%

• Very small Λ separation energy led to the hypothesis that the 3H lifetime is 
slightly below the free Λ hyperon lifetime (263.2 ± 2 ps [3])
- consequence of the fact that the Λ spends most of the time far from the 

deuteron core due to very small value of BΛ  

- many theoretical calculations support this hypothesis

Λ
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Theoretical predictions

• [35] M. Rayet, R.H. Dalitz, Il Nuovo Cim. A 46 (1966) 
786 

- values for τ in the range from 239.3 - 255.5 ps
- phase space factor, Pauli principle effect, corrections for 

final-state pion scattering and for NMWD included
• [36] M. Ram, W.Williams, Nucl. Phys. B 28 (1971) 566 

- calculated a value of 235 ps
- investigation whether hard core corrections in ΛN and 

NN potentials used to calculate the wave functions could 
affect the values of τ

• [37] H. Manosur, K. Higgins, Il Nuovo Cim. A 51 
(1979) 180 

- lower value of 173 ps
- calculation based on explicit inclusion of the nucleon 

induced pionic emission

• [38] N. Kolesnikov, V. Kopylov, Sov. Phys. J 31 (1988) 210 
- values for τ of 226.3 ps
- Using wave functions found by multi-parameter variation calculations employing 5 different ΛN potential

• [39] J.G. Congleton, J. Phys. G., Nul. Part. Phys. 18 (1992) 339 
- obtained a value of 232 ps
- using updated values for the NN and YN potentials to determine the wave functions

• [37] H. Kamada et al., Phys. Rev. C 57 (1998) 1595 
- prediction of a value of 256 ps
- calculation based on rigorous solution of three-body Faddeev equations for the hypernucleus wave function and for the 3N 

scattering states, where realistic NN and YN interactions were used.

M. Agnello et al., Nucl. Phys. 954 (2016) 176
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Lifetime measurements: visualizing techniques

3
ΛH 

in-flight decay 
3
ΛH → 3He + π-  

5
ΛHe 

in-flight decay 
5
ΛHe → 4He +p+ π-  

3
ΛH 

in-flight decay 
3
ΛH → 3He + π-  

5
ΛHe 

in-flight decay 
5
ΛHe → 4He +p+ π-  

First experiments: 
Lifetime obtained from the spatial 

distribution of the π−MWD vertices 
around the formation point of the 

hypernucleus

Hypernuclei discovered1953 in photographic emulsion, through the MWD 
• At the beginning light hypernuclei/hyperfragments identified via their 𝜋- MWD with 

visualizing techniques
- emulsion/bubble chambers exposed to energetic K- beams  
- observation of charged decay modes 

• In the first experiments: 
- assignment of spin/parity to light hypernuclei ground state (3ΛH, 4ΛH, 4ΛHe, 8ΛLi, 11ΛB 

and 12ΛB) through properties of π- MWD (7ΛLi) 
- study of the Λ-N spin dependent interaction (Jhyp g.s. = Jcore - 1/2)
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Lifetime measurements: visualizing techniques

Hypernuclei discovered1953 in photographic emulsion, through the MWD 
• At the beginning light hypernuclei/hyperfragments identified via their 𝜋- MWD with 

visualizing techniques
- emulsion/bubble chambers exposed to energetic K- beams  
- observation of charged decay modes 

• In the first experiments: 
- assignment of spin/parity to light hypernuclei ground state (3ΛH, 4ΛH, 4ΛHe, 8ΛLi, 11ΛB 

and 12ΛB) through properties of π- MWD (7ΛLi) 
- study of the Λ-N spin dependent interaction (Jhyp g.s. = Jcore - 1/2) 

• Limitations of visualizing techniques: 
• no timing information 
• no neutron, 𝛾 detection → only charged WD channels 

• number of formed hypernuclei not counted → no Branching Ratio determination 
• spatial distribution of the π- MWD vertices around the formation point
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Lifetime measurements: counter experiment - I

Studies with counter experiments at accelerators (BNL AGS, KEK PS) from ’80 on 
• high intensity K- /𝜋+ beams for hypernuclei production via:

• Coincidence measurements with large solid angle spectrometer and direct timing 
measurement techniques

⇡+ + n ! ⇤+K+K� +N ! ⇤+ ⇡
Strangeness exchange Associated production

12
ΛC  

τ = 231±15 ps 
11
ΛB  

τ = 211±13 ps 

28
ΛSi  

τ = 206±12 ps 
27

ΛAl  
τ = 203±10 ps 

ΛFe  
τ = 215±14 ps 

td = t2 – tfd  

Δt = td – tp 

tp = t1 + tfb 

plastic scintillator, 9.6 cm  
σ	~ 40 ps 

Medium Mass Number hypernuclei
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Lifetime measurements: counter experiment - I

Studies with counter experiments at accelerators (BNL AGS, KEK PS) from ’80 on 
• high intensity K- /𝜋+ beams for hypernuclei production via:

• Coincidence measurements with large solid angle spectrometer and direct timing 
measurement techniques

⇡+ + n ! ⇤+K+K� +N ! ⇤+ ⇡
Strangeness exchange Associated production

td = t2 – tfd  

Δt = td – tp 

tp = t1 + tfb 

plastic scintillator, 9.6 cm  
σ	~ 40 ps 

• This experimental technique could 
not be applied to the hydrogen 
hyperisotopes 

• The two-body reactions require 
targets  
- 3H → radioactive, hard to deal with 
- 4H → does not exist 
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Lifetime measurements: counter experiment - II

Heavy ion collisions: production of light (anti-)hypernuclei measured via 
invariant mass of decay products in mesonic decay channels

ALICE at the LHC

HypHI at GSI

STAR at RHIC

Au-Au collisions (GeV regime)

 projectile fragmentation reactions 
of 6Li at 2 AGeV delivered on a 

carbon target.

Pb-Pb collisions (TeV regime)
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Experimental knowledge

year
1960 1970 1980 1990 2000 2010 2020

H
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tim
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 lifetimeΛfree 

[10]
[11]

[12]

[13]

[14]
[15]

[16]

[17]
[18] [19]

[20]

[21]

[22]
[23]

• Visualizing techniques (emulsion and 3He Bubble chamber): 
- values closer and in agreement with the free Λ lifetime 
- large uncertainties due to the limited data sample  

• Electronic techniques (heavy-ion experiments): 
- larger data sample led to a reduction of the uncertainties 
- measured values are below the expectations

emulsion technique: 203+40-31 ps 

He Bubble Chamber: 195+15-13 ps 

Electronic techniques: 185+28-23 ps without [21] 

Electronic techniques: 163+18-16 ps with [21]

M. Agnello et al., Nucl. Phys. 954 (2016) 176

CAVEAT:
The citations close to each marker are 
related to the review where the plot is shown 

�52

https://www.sciencedirect.com/science/article/abs/pii/S0375947416300999


Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018

Latest results: STAR

• Invariant mass spectra from 2- and 3-body decay: 
- analysis of the Au-Au collisions data sample from beam energy scan (BES) 
- large uncertainties due to the limited data sample  

• Lifetime determination with both decay modes

STAR Collaboration, Phys. Rev. C 97 (2018) 054909
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Latest results: STAR

• Invariant mass spectra from 2- and 3-body decay: 
- analysis of the Au-Au collisions data sample from beam energy scan (BES) 
- large uncertainties due to the limited data sample  

• Lifetime determination with both decay modes

Final value 
⌧ = 142+24

�21(stat.)± 29(syst.)ps

⌧ = 123+26
�21(stat.)ps

⌧ = 193+82
�48(stat.)ps

2-body 

3-body

STAR Collaboration, Phys. Rev. C 97 (2018) 054909
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Latest results: ALICE

The lifetime estimate is performed: 

• using the full data sample of Pb-Pb collisions at √sNN = 5.02 TeV collected 
in 2015 

• selecting both hypertriton and anti-hypertriton candidates
• using two methods: “ct spectra” (default) and unbinned fit (crosscheck) 
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Latest results: ALICE

• Signal extraction in four different ct 
bins  

- 4-7, 7-10, 10-15, 15-28 cm 

• Exponential fit to the corrected dN/ct 
spectrum for the lifetime estimate   

• Result with the highest precision at 
the moment 

- improved resolutions with respect 
to the previous result at 2.76 TeV 

• Lifetime estimate with an alternative 
method as a crosscheck 

⌧ = 237+33
�36(stat.)± 17(syst.)ps
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Latest results: ALICE

• Fit to the invariant mass distribution 
to define the signal range and the 
sidebands
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Latest results: ALICE

• Fit to the invariant mass distribution 
to define the signal range and the 
sidebands

• Fit in the sidebands with two 
exponential is performed 
(background)

• Fit in the signal range for the lifetime 
estimate 

- signal: exponential function 
multiplied for the efficiency

- background: from the sidebands 
fit
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Latest results: ALICE

• Fit to the invariant mass distribution 
to define the signal range and the 
sidebands

• Fit in the sidebands with two 
exponential is performed 
(background)

• Fit in the signal range for the lifetime 
estimate 

- signal: exponential function 
multiplied for the efficiency

- background: from the sidebands 
fit

Lifetime value estimate

⌧ = 223+41
�33(stat.)± 20(syst.)ps
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Latest results: ALICE

• Fit to the invariant mass distribution 
to define the signal range and the 
sidebands

• Fit in the sidebands with two 
exponential is performed 
(background)

• Fit in the signal range for the lifetime 
estimate 

- signal: exponential function 
multiplied for the efficiency

- background: from the sidebands 
fit

Lifetime value estimate

⌧ = 223+41
�33(stat.)± 20(syst.)ps
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Lifetime collection

• ALICE result, obtained from the analysis Pb-Pb at √sNN = 5.02 TeV data sample, 
show an improved precision with respect to previous heavy ion experiment 
- it is compatible with the world average and, in particular, with the free Λ 

hyperon lifetime
• Further improvements will come from: 

- from lifetime measured in the 3-body decay channel  
- upgrade of the ALICE experiment for LHC Run3 and Run4

�56



Stefano Trogolo Frankfurt University, Nuclear Physics Colloquium - December 13th, 2018

Conclusion and 
perspective
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Conclusion and perspective

Production 

• Both thermal and coalescence models can describe particular aspects of 
(hyper-)nuclei measurements in three different collision systems

• Huge experimental effort is going on to provide more precise results to 
investigate a possible unified description of nucleosynthesis

• Theoretical predictions are needed especially for comparison with small 
systems 
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Conclusion and perspective

Production 

• Both thermal and coalescence models can describe particular aspects of 
(hyper-)nuclei measurements in three different collision systems

• Huge experimental effort is going on to provide more precise results to 
investigate a possible unified description of nucleosynthesis

• Theoretical predictions are needed especially for comparison with small 
systems 

Lifetime puzzle 

• Latest ALICE result at 5.02 TeV is the most precise and is closer to the 
theoretical expectation → this raise the question “can we still talk about a 
puzzle?”

• Challenge faced by other experiments to measure the lifetime and also the 
Λ binding energy with higher precision

• In the next LHC Run3 and Run4 ALICE is expected to collect a larger data 
sample to reduce the uncertainties below 5% 
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Conclusion and perspective

Outlook 

• ALICE has started a huge upgrade of the main detectors in preparation of 
LHC Run3 and Run4 → expected Pb-Pb LDEL = 13 nb-1 at 50 kHz collision rate

• Improvements on the results for A=3 and possibility to investigate A=4 
(hyper-)nuclei production

ALICE Collaboration, J. Phys. G 41, 087002 (2014)
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Thank you for  
your attention 

and  
Best Wishes!
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Backup
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Why heavy ion collisions?

Everyday matter comes in various form and we distinguish between solid, liquid and 
gas phases…

QCD phase diagram

• Consequence of the running of αs is 
the existence of a phase transition: 
- Hadron gas ⬄ Quark Gluon Plasma 

• In the QGP quarks and gluons are no 
longer confined in colour singlets: 
- probably existed in the early 

universe,10 μs after the Big Bang 
• The phase transition is expected to be: 

- first order transition at high μB (FAIR) 
- crossover at small μB and high T 

(LHC, RHIC)

T. Boeckel and J. Schaffner-Bielich, Phys. Rev. D 85, 103506 (2012) 

- E. Fermi, Prog. Theor. Phys. 5, 570 (1950)  
- R. Stock, “Relativistic Nucleus-Nucleus Collisions and the QCD 

Matter Phase Diagram” (2008) 
- J. Rafelski and J. Birrell, J. Phys. Conf. 509, 012014 (2014) 

📚
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Blast Wave distribution

• Distribution based on the phenomenological model for hadronic matter 
production in heavy collision, described in  
E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rev. C 48, 2462 (1993)  

• It describes particle production spectra both at RHIC and LHC energies 
• Description for hadron spectra from HIC in terms of few collective variables

where 

•                        is the transverse mass 

• I0, K1 are the modified Bessel functions 

• r is the radial distance on the transverse plane 

• Tkin is the kinetic freeze-out temperature 

• ρ is the velocity profile  → 

• βs is the transverse expansion velocity at the system surface

Appendix B.

Spectrum distributions

Several distributions are used in this thesis and for different purposes: to fit the (3
ΛH)3

ΛH
pT spectra, to evaluate the weighted average for the efficiency, to extrapolate the yields in
the unmeasured pT region and to perform the study of systematic uncertainties. In this
appendix these functions are shortly described.

B.1. Blastwave

The Blastwave distribution is based on the phenomenological model for hadronic matter
production in heavy ion collisions, published in [20]. The distribution is written as:

1
pT

dN
dpT

∝
∫ R

0
rdrmT I0

(
pTsinhρ

Tkin

)
K1

(
mTcoshρ

Tkin

)
(B.1)

where the parameter ρ contains the dependence on the velocity profile, since it is expressed
as:

ρ = tanh−1
(( r

R

)n
βT

)
(B.2)

In the previous equations, mT =
√

p2
T + m2 is the transverse mass, I0 and K1 the modified

Bessel functions, r is the radial distance on the transverse plane, Tkin is the kinetic freeze-
out temperature, βT is the average transverse velocity and n is the exponent of the velocity
profile.
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Figure 7.2.: 3
ΛH transverse momentum spectrum measured in the centrality class 10–40% and in the
rapidity range |y| < 0.5. The dotted line is the Blast-Wave function with fixed 3He
parameters.

velocity at the system surface, βS, and an exponent n:

ρ = tanh−1
(( r

R

)n
βS

)
(7.3)

In addition, the distribution introduced in Eq. 7.2 has to be multiplied for the parameter
norm which takes into account the normalization of the distribution and corresponds to the
integral of the Blast-Wave over the full pT range. However, since the number of parameters
of the Blast-Wave function is larger than the measured yield values, it has been chosen
to fix them to those of the 3He distribution [124], leaving only the normalization as free
parameters. The two individual fits well describe the measured pT spectra of 3

ΛH and 3
ΛH

and this suggests that also their emission from the medium created in the collision is driven
by the radial flow, which indicates the presence of a medium. Indeed, the Blast-Wave
distribution is derived in a phenomenological model that describes the hadron spectra
from heavy ion collisions in terms of a few collective variables, in particular temperature,
longitudinal, and transverse (or radial) flow. The latter one is a collective motion that,
in heavy ion collision, is interpreted as related to the pressure gradients of a deconfined
medium.
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Centrality class

• Centrality of a collision estimated using the particle multiplicities (Nch) and 
correlated to the impact parameter using the Glauber model 

• In literature, the centrality is defined as percentage of the total hadronic cross 
section σAA 

• Assuming a monotonic dependence of the charged particle multiplicity on the 
overlap volume, the centrality can be expressed as: 

The ALICE experiment 63

function of track momentum is used for the particle idenfication on a track-by-track basis
as previously explained in Section 3.4.3.

3.4.4. Centrality determination in Pb–Pb collisions

The geometry of heavy-ion collisions is characterized by the impact parameter vector b
connecting the centers of the two colliding nuclei in the plane transverse to the beams.
However this quantity cannot be measured directly. Consequently the centrality of the col-
lision is estimated using the particle multiplicities (Nch) and the energy deposit in the ZDCs
(EZDC) and they are correlated to the value of the impact parameter using the Glauber
Model [14]. In literature the centrality of nuclear collisions is expressed as a percentage of
the total hadronic interaction cross section σAA:

c(b) =

∫ b
0

dσ

db
′ db

′

∫ ∞
0

dσ

db
′ db

′ =
1

σAA

∫ b

0

dσ

db
′ db

′
(3.12)

Assuming a monotonic dependence of both the charged particle multiplicity and the en-
ergy deposit at zero degrees on the overlap volume, the centrality can be expressed as:

c(b) ≈ 1
σAA

∫ ∞

Nch

dσ

dN
′

ch

dN
′

ch ≈ 1
σAA

∫ EZDC

0

dσ

dE
′

ZDC

dE
′

ZDC (3.13)

The total cross section can be replaced with the number of observed events n under the
same assumption:

c(b) ≈ 1
Nev

∫ ∞

Nch

dn

dN
′

ch

dN
′

ch ≈ 1
Nev

∫ EZDC

0

dn

dE
′

ZDC

dE
′

ZDC (3.14)

The assumption holds only for central collisions c ≤ 50% for the ZDC energy measurement,
because nuclear fragments emitted in peripheral collisions may be deflected out of the
acceptance of the ZDCs, leading to low signals indistinguishable from those seen in central
collisions. The ambiguity can be solved by correlating the ZDC signal with the energy
deposit in the ZEM.

The centrality determination [119] via particle multiplicity is usually performed with
the V0 detectors as shown in Figure 3.11a. The distribution of the sum of V0A and V0C
amplitudes is fitted with a parameterisation based on a Glauber Monte Carlo in order to
connect the experimental quantity with the impact parameter of the collision. This pa-
rameterisation requires the number of participant nucleons Npart and the number of bi-
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function of track momentum is used for the particle idenfication on a track-by-track basis
as previously explained in Section 3.4.3.

3.4.4. Centrality determination in Pb–Pb collisions

The geometry of heavy-ion collisions is characterized by the impact parameter vector b
connecting the centers of the two colliding nuclei in the plane transverse to the beams.
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lision is estimated using the particle multiplicities (Nch) and the energy deposit in the ZDCs
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The assumption holds only for central collisions c ≤ 50% for the ZDC energy measurement,
because nuclear fragments emitted in peripheral collisions may be deflected out of the
acceptance of the ZDCs, leading to low signals indistinguishable from those seen in central
collisions. The ambiguity can be solved by correlating the ZDC signal with the energy
deposit in the ZEM.

The centrality determination [119] via particle multiplicity is usually performed with
the V0 detectors as shown in Figure 3.11a. The distribution of the sum of V0A and V0C
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connect the experimental quantity with the impact parameter of the collision. This pa-
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Deuteron spectra

ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658

√sNN = 2.76 TeV

• pT spectra measured for deuteron 
and anti-deuteron in three different 
centrality classes 
- pronounced hardening of the 

spectra visible for increased 
centrality → radial flow 

• Integrated yield and mean pT are 
extracted by fitting the spectra with 
the Blast-Wave [4] (BW) function 

• Ratio d/d in agreement with unity 
within the uncertainties 

- confirms equal production of 
matter and anti-matter at the LHC 
energies

[4] E. Schnedermann et al. Phys. Rev. C 48, 2462 (1993)
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Coalescence parameter BA

• The probability to form a nucleus via 
coalescence can be quantified by 
the coalescence parameter BA: 

- A is the mass number 
- pp = pA/A 

• According to simple coalescence 
predictions BA is pT flat: 
- simple coalescence does not 

describe the trend observed in 
Pb-Pb collisions 

• The rise in pT becomes milder 
moving from central to peripheral 
collisions

BA = EA
d3NA

dp3A
/

✓
Ep

d3Np

dp3p

◆A

√sNN = 2.76 TeV

deuterons, |y| < 0.5

ALICE Collaboration, Eur. Phys. J. C 77 (2017) 658
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Coalescence parameter BA

• The probability to form a nucleus via 
coalescence can be quantified by 
the coalescence parameter BA: 

- A is the mass number 
- pp = pA/A 

• According to simple coalescence 
predictions BA is pT flat: 
- simple coalescence does not 

describe the trend observed in 
Pb-Pb collisions 

• The rise in pT becomes milder 
moving from central to peripheral 
collisions
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✓
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Deuteron production

• Minimum Bias pT spectra in pp collisions show no sign of radial flow

• The fit is performed with a Tsallis function [8] used for the yield extrapolation to 
the unmeasured regions

pp, √s = 0.9, 2.76, 7 TeV

[8] C. Tsallis, J. Stat. Phys. 52 (1988) 479

ALICE Collaboration, Phys. Rev. C 97 (2018) 024615

pp, √s = 7 TeV

ALICE-PUBLIC-2017-006 
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3He and 3H production

• First (anti-)3He spectrum 
measured in pp collisions
- fit performed with the  

Levy-Tsallis function  

• (anti-)3H measurement 
extremely difficult 

• Antimatter-to-matter ratios 
agrees with unity

• B3 measured in p-p collisions 
and compared with: 
- predictions of EPOS-LHC 

with afterburner 
- Bevalac measurements, 

shown as vertical bands

pp, √s = 7 TeV

ALICE Collaboration, Phys. Rev. C 97 (2018) 024615
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Summary: thermal production

Nuclei and hypernuclei production

Pb-Pb p-Pb pp

Thermal 
(+hydro)

• pT spectra 
• particle yields
• antinucleus/nucleus
• deuteron v2

• 3He v2

• d/p and 3He/p
• dN/dy mass depend.
• B2 and B3 factor

• pT spectra 
• antinucleus/nucleus
• d/p and 3He/p
• dN/dy mass depend.
• B2 and B3 factor

• pT spectra 
• antinucleus/nucleus
• d/p and 3He/p
• B2 and B3 factor

• pT spectra 
• particle yields
• 3H/3H
• 3H/p, 3H/d and       

3H/3He
• S3 factor
• B3 factor
•

🚧 🚧

Legend:      = well described;     = described with some tension;     = not described/missing prediction    
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Nuclei and hypernuclei production

Pb-Pb p-Pb pp

Coalescence 
model

• pT spectra 
• particle yields
• antinucleus/nucleus
• deuteron v2

• 3He v2

• d/p and 3He/p
• dN/dy mass depend.
• B2 and B3 factor

• pT spectra 
• antinucleus/nucleus
• d/p and 3He/p
• dN/dy mass depend.
• B2 and B3 factor

• pT spectra 
• antinucleus/nucleus
• d/p and 3He/p
• B2 and B3 factor

• pT spectra 
• particle yields
• 3H/3H
• 3H/p, 3H/d and       

3H/3He
• S3 factor
• B3 factor
•

🚧 🚧

Legend:      = well described;     = described with some tension;     = not described/missing prediction    

Summary: production via coalescence
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3H/3H ratioΛ

• The ratio has been measured as a function of pT and of the charged particle 
multiplicity 

• Anti-hypertriton/hypertriton ratio is in agreement with unity → confirm the 
predictions from thermal and coalescence models 

Λ

√sNN = 5.02 TeV
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3H lifetime knowledgeΛ

[10] M.M. Block, et al., in: Proc. of the International Conference on  
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3H coalescence parameter detailsΛ

ALICE Collaboration / Physics Letters B 754 (2016) 360–372 365

Fig. 7. Left: B2 as a function of pT/A for d (filled circles) [31], 3He (empty circles) [31], and 3
!H (filled squares). The B

(d,3
!H)

2 and B(d,3 He)
2 were evaluated as explained in 

the text. k1 = m2
d

m3 Hemp
, and k2 = m2

dm!

m2
pm3

!H
. Right: S3 ratio measured in this analysis compared with previous experimental results (E864 [8] and STAR [9] (triangle and star, 

respectively)) and different theoretical models as indicated in the legend.

Parameters Bd
2 and B

3He
3 obtained in [31] are compared with 

the hypertriton B
3
!H
3 from this analysis using the relations

B
3He
2 =

√
m2

d

m3Hemp
B

3He
3 , (4)

B
3
!H
3 = B

3He
3

mpm3
!H

m3Hem!
, (5)

and finally

B
3
!H
2 =

√√√√ m2
dm!

m2
pm3

!H

B
3
!H
3 . (6)

In a simple coalescence model the B A parameter for all the 
light nuclei should have the same behaviour. The coalescence pa-
rameter of deuteron (Bd

2) and the coalescence parameters of 3He 

and 3
!H (B

3He
3 and B

3
!H
3 ) can be directly compared deriving the 

B
3He
2 and the B

3
!H
2 using equation (4), equation (5) and equa-

tion (6). The comparison of the three coalescence parameters is 
shown in the left panel of Fig. 7. The 3

!H coalescence parameter is 
not flat as a function of pT contrary to the prediction of the simple 
coalescence model [11], which does not take into account the char-
acteristics of the emitting source. This is the same behaviour as ob-
served for deuterons and 3He nuclei [31]. At low pT the B2 values 
are compatible, suggesting that p0 is similar for A = 2 and A = 3.

Using the measured 3
!H yield the ratio S3 = 3

!H/(3He × !/p), 
also known as the strangeness population factor [59], was evalu-
ated. This ratio was first suggested by the authors of [8] in the 
expectation that dividing the strange to non-strange baryon yield 
should result in a value near unity in a simple coalescence model. 
According to the authors of [59], S3 should be also a valuable tool 
to probe the nature of the matter created in the collision, since 
it is sensitive to the local baryon-strangeness correlation [60–62]: 
a value of S3 close to unity would indicate that the phase-space 
populations for strange and light quarks are similar and would 
support the formation of high-temperature matter of deconfined 
quarks. In the thermal model approach the S3 ratio does not de-
pend on the chemical potential of particles and was found to be 
almost energy independent [1,63], while in a dynamical coales-
cence picture it increases with decreasing beam energy and is in 
general larger than the thermal model predictions [63]. This leads 
to the conclusion that the information on correlations of baryon 

Table 5
S3 for matter and anti-matter. To compute the ratio a B.R. of 25% was assumed for 
the 3

!H → 3He + π decay.

Centrality
3
!H
3He × p

!

3
!H
3He

× p
!

0–10% 0.60 ± 0.13(stat.) ± 0.21(syst.) 0.54 ± 0.13(stat.) ± 0.19(syst.)

number and strangeness is lost in the thermal calculation because 
S3 essentially depends only on the temperature. The !/p ratio 
used in the present analysis was taken from [52] and [54]. The 
S3 values obtained for particles (anti-particles) are summarised in 
Table 5 and the average of the two measurements is shown in the 
right panel of Fig. 7. These values were compared with different 
theoretical models and to the results from experiments at BNL-AGS 
[8] and RHIC [9].

The models used for the comparison are the statistical hadroni-
zation model [1], the hybrid UrQMD model [63] and its extension 
at the LHC energy [51], the DCM (Dubna Cascade Model) coales-
cence model (described in [63]) and two versions – default and 
string melting – of the AMPT (A Multi-Phase Transport Model for 
Relativistic Heavy Ion Collisions) [64] plus coalescence described 
in [59]. The present result at √sNN = 2.76 TeV is comparable to 
that measured at E864 experiment [8] at √sNN ∼ 5 GeV, while it 
does not confirm the rising behaviour shown by STAR [9] and by 
the AMPT with string melting plus coalescence model [59]. This re-
sult is consistent with the thermal model approach, which predicts 
a constant S3 value from √sNN above a few GeV.

5. Conclusions

Measurements of 3
!H and 3

!̄
H in Pb–Pb collisions at √

sNN =
2.76 TeV were presented in this letter. The 3

!H lifetime was mea-
sured and was found to agree with previous measurements within 
uncertainties. The measured value was included in the computa-
tion of the world average of the 3

!H lifetime. Transverse momen-
tum yields at mid-rapidity for central (0–10%) Pb–Pb collisions at √

sNN = 2.76 TeV were measured in three pT intervals. The yields 
of particles and anti-particles were measured in two centrality 
classes (0–10% and 10–50%) and compared with different theoret-
ical models. The ratio 3

!̄
H/3

!H is consistent with unity, as expected 
at the LHC energy. The measured yields indicate that hypernu-
clei in high-energy heavy-ion collisions are produced within an 
equilibrated thermal environment in which the temperature is the 
same as for the other particles produced at the LHC. The 3

!H/3He

• Λ, p and n close in the phase space at the kinetic freeze-out can form a(n) (anti-)hypertriton 

• BA is expected to be independent from pT and centrality

[9] ALICE Collaboration Phys. Rev. C 88, (2013) 044910 
[10] ALICE Collaboration Phys. Rev. Lett. 11, (2013) 22301 
[11] ALICE Collaboration Phys. Rev. C 93 (2016) 024917

• B3 is computed for 3H according to the above 
equation 
- 3H measured pT spectra from this analysis 
- p and Λ spectra respectively from [9] and [10] 

• B3 is compared with B2 and B3 obtained in [11] 

- 3He B3 is scaled to B2 through the scaling factor k1  

- 3H B3 is scaled to B2 through the scaling factor k2 

• 3H coalescence parameter is not flat as function of pT 
contrary to the simple coalescence model predictions 

• Model does not take into account characteristics of 
the emitting source 

• Behaviour similar to the one observed for d and 3He

Λ

3HΛ
3Hed

Λ

Λ

k1 =
m2

d

M3Hemp

k2 =
m2

dmΛ

m2
pM3

Λ
H

Λ
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Blast Wave distribution
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Antimatter-to-matte ratio
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Hypernuclei production mechanisms

24 (Hyper-)nuclei production in Heavy Ion collisions

2.1. Hypernuclei

Hypernuclei are bound nuclear systems of non-strange and strange baryons. The most
studied are Λ-hypernuclei, where a nucleon of the nucleus is replaced by a Λ hyperon, and
they are indicated with the usual notation of the nuclei A

ΛZ where A is the mass number
and Z the number of proton. Other hypernuclei are investigated and they can contain two
Λ (A

ΛΛZ) [44] or heavier strange baryons like the Ξ (A
Ξ Z) [45].

The first observation of a hypernucleus is due to Danysz and Pniewski in 1953 [46],
through the analysis of the events recorded by a stack of photographic emulsions exposed
to the cosmic radiation at nearly 26 km from the Earth surface using a balloon. Since the
first observation, there has been an increasing interest in searching for new hypernuclei
and studying their structure.

In general, the study of the hypernuclei is important for two main reasons. On one
hand, the studies on the hypernuclei structure [47] provide indications on the hyperon-
baryon (Y − N) and hyperon-hyperon (Y − Y) strong interactions, which can not be de-
termined from scattering experiments. In this way the nucleus is used as an “internal"
laboratory offering the opportunity to study the properties of the hyperon interactions. On
the other hand, the hypernuclear weak decay is a useful tool to inquire the strangeness-
changing weak baryon interactions [48].

The studies and the results of the hypernuclear physics are also of interest for other
fields such as the nuclear astrophysics. For instance, the Y − N interaction plays a key role
in understanding the structure of neutron stars. Indeed, the collapsed stellar core could be
a kaonic condesate or consist of hyperons depending on the strength of this interaction [49].

At the beginning of the hypernuclear physics cosmic rays were used as source to study
the hypernuclei. Then, from 1972 two-body reactions producing Λ on a nuclear target have
been used. The three two-body reactions, widely used, that led to almost all the bulk of
experimental results are [50]:

1. the “Strangeness exchange" reaction:

K− + N → Λ + π (2.1)

mainly used in the K−+n → Λ + π− charge states, since it is easier the spectroscopy
of the π final state. The reaction can be interpreted as a transfer of the s-quark from
the incident meson to the struck baryon.

Strangeness exchange

(Hyper-)nuclei production in Heavy Ion collisions 25

2. the “Associated production" reaction:

π+ + n → Λ + K+. (2.2)

This reaction proceeds by the creation of ss pair by the incident meson.

3. the electroproduction of strangeness on protons in the very forward direction,

e + p → e
′
+ Λ + K+ (2.3)

exploited quite recently. The virtual photons associated to the reaction can be re-
garded as quasi-real and the aforementioned reaction is often rewritten as a two-body
photoproduction reaction:

γ + p → Λ + K+ (2.4)

These reactions have been used in the last decades by many experiments which studied
the spectroscopy of Λ-hypernuclei. Their results showed an important step forward in
determining the energy levels of nearly all p-shell hypernuclei both by γ-ray spectroscopy
from the decay of low-lying excited states and by missing-mass measurements with the
magnetic spectrometers at KEK (SKS), JLab (Hall A and Hall C) and LNF-INFN (FINUDA)
[50, 51].

2.1.1. Weak decay of hypernuclei

Λ-Hypernuclei can be produced in the ground states or in an excited state of the Λ-particle
neutron-hole configuration. A Λ-hypernucleus in the ground state, which is the one inves-
tigated in heavy ion collision experiments, decays to non-strange nuclear systems through
two different mechanisms: the mesonic (MWD) and the non-mesonic (NMWD) weak de-
cay.

In the NMWD the Λ-hypernucleus decays through processes which involve a weak
interaction of the Λ with one or more core nucleons. When the pion emitted in Λ → πN
reaction is virtual, it can be absorbed by the nuclear medium, resulting in a non-mesonic
decay as:

Λn → nn, Λp → np, ΛNN → nNN (2.5)

Associated production

Electroproduction

(Hyper-)nuclei production in Heavy Ion collisions 25

2. the “Associated production" reaction:

π+ + n → Λ + K+. (2.2)

This reaction proceeds by the creation of ss pair by the incident meson.

3. the electroproduction of strangeness on protons in the very forward direction,

e + p → e
′
+ Λ + K+ (2.3)

exploited quite recently. The virtual photons associated to the reaction can be re-
garded as quasi-real and the aforementioned reaction is often rewritten as a two-body
photoproduction reaction:

γ + p → Λ + K+ (2.4)

These reactions have been used in the last decades by many experiments which studied
the spectroscopy of Λ-hypernuclei. Their results showed an important step forward in
determining the energy levels of nearly all p-shell hypernuclei both by γ-ray spectroscopy
from the decay of low-lying excited states and by missing-mass measurements with the
magnetic spectrometers at KEK (SKS), JLab (Hall A and Hall C) and LNF-INFN (FINUDA)
[50, 51].

2.1.1. Weak decay of hypernuclei

Λ-Hypernuclei can be produced in the ground states or in an excited state of the Λ-particle
neutron-hole configuration. A Λ-hypernucleus in the ground state, which is the one inves-
tigated in heavy ion collision experiments, decays to non-strange nuclear systems through
two different mechanisms: the mesonic (MWD) and the non-mesonic (NMWD) weak de-
cay.

In the NMWD the Λ-hypernucleus decays through processes which involve a weak
interaction of the Λ with one or more core nucleons. When the pion emitted in Λ → πN
reaction is virtual, it can be absorbed by the nuclear medium, resulting in a non-mesonic
decay as:

Λn → nn, Λp → np, ΛNN → nNN (2.5)

• A transfer of the s-quark from the incident 
meson to the struck baryon

• Proceeds by the creation of ss pair by the 
incident meson

• Electroproduction of strangeness on protons in 
the very forward direction 

• Virtual photon associated can be regarded as 
quasi-real
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Glauber model

• Heavy ion collision as the superposition of the interactions between the 
constituent nucleons of colliding nuclei 

• Key parameters: 
- Npart: number of nucleons participating in the interactions 
- Ncoll: number of binary collisions between nucleons 

➡ correlated with impact parameter of the collision 
• Assumptions: 

- nucleons point like and independent inside the colliding nuclei 
- only hadronic interactions are considered 
- each interaction does not deflect the trajectories of colliding nucleons 

• It allows to calculate: 
- the interaction probability 
- Ncoll and Npart 
- Size of the overlap region between the colliding nuclei
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Fig. 22. Resolution of the transverse distance to the primary vertex for identified particle global
ITS–TPC tracks (left) and for all charged ITS–TPC tracks (right). The contribution from the
vertex resolution is not subtracted.

The transverse momentum resolution for TPC standalone tracks and ITS–TPC
combined tracks, extracted from the track covariance matrix, is shown in Fig. 23.
The effect of constraining the tracks to the primary vertex is shown as well. The
inverse-pT resolution, plotted in this figure, is connected to the relative transverse
momentum resolution via

σpT

pT
= pT σ1/pT

. (14)
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 = 7 TeVspp •  Primary vertex resolution 

- better resolution with full tracks than using 
only SPD 

- scale with the charged particle multiplicity
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