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Motivation
• explore QCD and QCD-inspired model predictions for (unusual) 

multi-baryon states 
• search for rarely produced anti- and hyper-matter 
• test model predictions, e.g. thermal and coalescence, for both 

classes of phenomena

Introduction

p-Pb and Pb-p
√sNN LINT

5.02 TeV 15 nb-1

5.02 TeV 17 nb-1

p-p
√s LINT

900 GeV 0.33 nb-1

2.76 TeV 46 nb-1

7 TeV 5.4 pb-1

8 TeV 9.7 pb-1

13 TeV 8.02 pb-1

Pb-Pb
√sNN LINT

2.76 TeV 155 μb-1

5.02 TeV 433 μb-1

Collision systems
• to study the ordinary nuclear matter effects and the QCD matter at 

high temperature and energy density
ALICE integrated luminosities 



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 
- regenerate in the time interval between chemical and 

kinetic freeze-out

4Stefano Trogolo

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) 

➡ Hypernuclei: large m  ⟶  strong dependence on Tchem

LHC

HQ2016 - South Padre Island

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, "J. Kapusta Phys. Rev. C 21, 1301 (1980)

Introduction

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

2.76 TeV
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• Phys. Rev. C 93, 024917 (2016) 📝

📝 	=	published	paper

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024917
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Nuclei:	deuteron

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)

(1) E. Schnedermann et al. Phys. Rev. C 48, 2462 (1993)  
(2) C. Tsallis. Journal of Statistical Physics, 52:479–487, (1988)

• Hardening of the spectra visible for 
increased centrality in Pb-Pb and 
multiplicity in p-Pb

• Blast-Wave(1) parametrisation fits the 
spectra well in p-Pb and Pb-Pb and is used 
to extract the integrated yield ⟶ radial flow

• Levy-Tsallis(2) distribution fits the pp          
spectra well

|y| < 0.5
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Nuclei:	d/p	vs	multiplicity
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• d/p ratio increases with 
multiplicity in p-Pb

• d/p at low multiplicity in p-Pb is 
compatible with the ratio 
measured in pp

• value at high multiplicity in p-Pb 
is consistent with the 
measurement in Pb-Pb

Thermal model (Tchem=156 MeV) 
d/p = 3x10-3

The increase of the d/p ratio with charged particle multiplicity from pp to Pb-Pb is 
consistent with the coalescence picture: 

increased deuteron production for higher nucleon densities
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Nuclei:	deuteron	flow
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Measurement of elliptic flow: 

• shows a significant v2 for deuteron  

• deuteron v2 follows the mass 
ordering expected from 
hydrodynamics models 

• a simple coalescence model     
(magenta band) is not able to 
reproduce the deuteron v2 

• a Blast-Wave parametrization 
obtained with lower mass species 
can describe the deuteron v2 
reasonably well

Ed3N
d3p

= 1

2π
d2N

pT dpT dy
(1 + 2v1cos(ϕ− ΨR) + 2v2cos(2(ϕ− ΨR)) + ...)

)c (GeV/
T
p

1 2 3 4 5

| >
 0

.9
}

η
∆

{S
P,

 |
2v

0

0.1

0.2

0.3

0.4

0.5

0.6 Data
±π
±K
pp+
dd+

Blast-Wave
±π
±K
pp+
dd+

x2p)T
p(

x2p)2
(v

 

ALICE Preliminary
 = 2.76 TeV 30-40%NNsPb-Pb 

ALI−PREL−97051

elliptic flow v2 = ⟨cos(2(ϕ− ΨR))⟩
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Nuclei:	3He
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• Pb-Pb spectra are obtained for two centrality classes and become harder 
when the centrality increases ⟶ radial flow 

• p-Pb spectrum obtained for Non-Single Diffractive (NSD) collisions 
• Individual Blast-Wave fits to the single spectra describe the data well

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)

|y| < 0.5
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Nuclei:	matter	vs	antimatter

At the LHC energies the net baryon density 
is zero (transparency regime) in the central 
rapidity region 

➡  no initial matter/anti-matter asymmetry 

• Anti-nuclei/Nuclei ratios are in agreement 
with unity, as obtained for other lighter 
particles 

• Ratios do not depend on the transverse 
momentum (pT) and centrality  

• Ratios are in agreement with thermal and 
coalescence model predictions

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)
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Nuclei:	mass	dependence

• Starting from the proton the penalty factor for adding one baryon is: 
➡ ~300 in Pb-Pb
➡ ~600 in p-Pb

• Production yields as a function of 
nuclei mass mA to study the mass 
dependence 

• dN/dy measured: 
- proton, deuteron, 3He and  

anti-alpha in Pb-Pb 
- proton, deuteron, and 3He      

in p-Pb NSD 
• Nuclei production yields follow an 

exponential decrease with mass 
(mA) as predicted by thermal 
model

Pb-Pb

p-Pb

|y| < 0.5

-1 < y < 0
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• Phys. Lett. B 754, 360-372 (2016) 📝

http://www.sciencedirect.com/science/article/pii/S0370269316000575
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Hypertriton

Hypertriton: lightest known hypernucleus   
                 bound state of p, n and Λ  

Mass = 2.992 GeV/c2       

Decay Channels: 
1. Mesonic 
2. Non Mesonic

Mesonic decay

Charged Neutral

3ΛH ⟶ 3He+𝜋-        📝 3ΛH ⟶ 3H+𝜋0

3ΛH ⟶ d+p+𝜋- 3ΛH ⟶ d+n+𝜋0

3ΛH ⟶ n+p+p+𝜋- 3ΛH ⟶ n+n+p+𝜋0

• Anti-hypertriton was first observed by 
STAR Collaboration  
Science 328,58 (2010)  

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

- 3 body (B.R.(3) ≅ 41%)
(3) H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton:	signal

• Fit to the invariant mass spectrum 
- signal: Gaussian 
- background: 3rd degree polynomial 

• Open square: background obtained from data (rotation background method) 
and used to tune the polynomial parameters  

• Signal obtained for 3 pT bins and 2 centrality classes (0-10% and 10-50%)

ALICE Collaboration / Physics Letters B 754 (2016) 360–372 361

the multiplicity distribution as a function of the impact parameter 
[18,19]. The ITS [20] has six cylindrical layers of silicon detectors 
with radii between 3.9 and 43 cm from the beam axis, covering 
the full azimuthal angle and the pseudorapidity range of |η| < 0.9. 
The same pseudorapidity range is covered by the TPC [21], which 
is the main tracking detector. Hits in the ITS and found clusters in 
the TPC are used to reconstruct charged-particle tracks. These are 
used to determine the primary collision vertex with a resolution of 
about 10 µm in the direction transverse to the beams for heavy-
ion collisions. The TPC is used for particle identification through 
the dE/dx (specific energy loss) in the TPC gas.

3. Analysis

The (anti-)hypertriton (3
"̄

H) 3
"H is the lightest observed hy-

pernucleus and is a bound state formed by a (anti-)proton, 
a (anti-)neutron and a (anti-)". The 3

"H and 3
"̄

H production 
yields were measured by detecting their mesonic decay (3

"H →
3He + π−) and (3

"̄
H →3 He + π+) via the topological identifica-

tion of secondary vertices and the analysis of the invariant mass 
distributions of (3He + π−) and (3He + π+) pairs.

The analysis was done using Pb–Pb collisions at √
sNN =

2.76 TeV taken in 2011. The events were collected with an in-
teraction trigger requiring a signal in both V0-A and V0-C. Only 
events with a primary vertex reconstructed within ±10 cm, along 
the beam axis, from the nominal position of the interaction point 
were selected. The analysed sample, collected with two different 
centrality trigger configurations corresponding to the 0–10% and 
10–50% centrality intervals, contained approximately 20 × 106 and 
17 × 106 events, respectively.

The 3
"H can be identified via the invariant mass of its de-

cay products and, since it has a lifetime similar to the free "
(cτ ∼ 8 cm), in most cases it is possible to identify its decay up 
to a few cm away from the primary vertex. The decay vertex was 
determined by exploiting a set of geometrical selections: i) the dis-
tance of closest approach (DCA) between the two particle tracks 
identified using dE/dx in the TPC as 3He and π , ii) the DCA of 
the π± tracks from the primary vertex, iii) the cosine of the angle 
between the total momentum of the decay pairs at the secondary 
vertex and a vector connecting the primary vertex and the sec-
ondary vertex (pointing angle), and iv) a selection on the proper 
lifetime (cτ ) of the candidate. An additional selection on the 3

"H
(3
"̄

H) rapidity (|y| < 0.5) was applied.

Fig. 1 shows the invariant mass distribution of (3He, π−) on 
the left and (3He, π+) on the right for events with 10–50% cen-

trality in the pair transverse momentum range 2 ≤ pT < 10 GeV/c. 
In order to estimate the background, for each event the π track 
detected at the secondary vertex was rotated 20 times by a ran-
dom azimuthal angle. The shape of the corresponding (3He, π ) 
invariant mass distribution was found to reproduce the observed 
background outside the signal region. The data points were fitted 
with a function which is the sum of a Gaussian and a third degree 
polynomial, used to describe the signal and the background, re-
spectively. The background was normalized to the measured values 
in the 3.01–3.08 GeV/c2 region. The fit to the background distri-
bution was used to fix the parameters of the polynomial in the 
combined fit.

In the 0–10% most central collisions, a signal was extracted 
in three transverse momentum intervals (2 ≤ pT < 4 GeV/c, 4 ≤
pT < 6 GeV/c, 6 ≤ pT < 10 GeV/c), for both 3

"H and 3
"̄

H. In the 
10–50% centrality class a signal both for 3

"H and 3
"̄

H was ob-
tained for the full pT range under study (2 ≤ pT < 10 GeV/c). 
From the combined fit results the mean value, the width and the 
yield of the signal were extracted. The mean invariant mass (µ =
2.991 ± 0.001(stat.) ± 0.003(syst.) GeV/c2) is compatible within 
uncertainties with the mass from the literature [22]. The signal 
width, σ = (3.01 ± 0.24(stat.)) × 10−3 GeV/c2 obtained as the 
mean value of all the measured widths, is reproduced by Monte 
Carlo simulations and is driven by detector resolution. The raw 
yield of the signal was defined as the integral of the Gaussian func-
tion in a ±3σ region around the mean value. The significance of 
both matter and anti-matter signals varies in the different pT bins 
in the range of 3.0–3.2 σ for the most central collisions (0–10%) 
and ranges from 3 to 3.5 σ for the semi-central ones (10–50%).

A correction factor which takes into account the detector ac-
ceptance, the reconstruction efficiency, and the absorption of 3

"H
(3
"̄

H) by the material crossed was determined as a function of pT. 
Detector acceptance and reconstruction efficiency were evaluated 
using a dedicated HIJING Monte Carlo simulation [23], where the 
only allowed decay was the two-body decay to charged particles, 
(3
"H → 3He + π−) and (3

"̄
H → 3He + π+). The simulated particles 

were propagated through the detector using the GEANT3 transport 
code [24] and then processed with the same reconstruction chain 
as for the data.

Since the absorption of (anti-)(hyper)nuclei is not properly im-
plemented in GEANT3, a correction based on the p (p) absorption 
was applied in order to take into account the absorption of 3

"H
(3
"̄

H) and 3He (3He) by the material of the ALICE detector. In this 
approach, the 3He and 3

"H were treated as states of three indepen-
dent p (p). The 3He was considered as a bound state of 3 protons 

Fig. 1. Invariant mass of (3He, π−) (left) and (3He, π+) (right) for events with 10–50% centrality in the pair 2 ≤ pT < 10 GeV/c interval. The data points are shown as filled 
circles, while the squares represent the background distribution as described in the text. The curve represents the function used to perform the fit and used to evaluate the 
background and the raw signal. The significance in ±3σ around the peak is 3.5 and 3.0 for the invariant mass distribution of (3He, π−) and (3He, π+), respectively.
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the multiplicity distribution as a function of the impact parameter 
[18,19]. The ITS [20] has six cylindrical layers of silicon detectors 
with radii between 3.9 and 43 cm from the beam axis, covering 
the full azimuthal angle and the pseudorapidity range of |η| < 0.9. 
The same pseudorapidity range is covered by the TPC [21], which 
is the main tracking detector. Hits in the ITS and found clusters in 
the TPC are used to reconstruct charged-particle tracks. These are 
used to determine the primary collision vertex with a resolution of 
about 10 µm in the direction transverse to the beams for heavy-
ion collisions. The TPC is used for particle identification through 
the dE/dx (specific energy loss) in the TPC gas.

3. Analysis

The (anti-)hypertriton (3
"̄

H) 3
"H is the lightest observed hy-

pernucleus and is a bound state formed by a (anti-)proton, 
a (anti-)neutron and a (anti-)". The 3

"H and 3
"̄

H production 
yields were measured by detecting their mesonic decay (3

"H →
3He + π−) and (3

"̄
H →3 He + π+) via the topological identifica-

tion of secondary vertices and the analysis of the invariant mass 
distributions of (3He + π−) and (3He + π+) pairs.

The analysis was done using Pb–Pb collisions at √
sNN =

2.76 TeV taken in 2011. The events were collected with an in-
teraction trigger requiring a signal in both V0-A and V0-C. Only 
events with a primary vertex reconstructed within ±10 cm, along 
the beam axis, from the nominal position of the interaction point 
were selected. The analysed sample, collected with two different 
centrality trigger configurations corresponding to the 0–10% and 
10–50% centrality intervals, contained approximately 20 × 106 and 
17 × 106 events, respectively.

The 3
"H can be identified via the invariant mass of its de-

cay products and, since it has a lifetime similar to the free "
(cτ ∼ 8 cm), in most cases it is possible to identify its decay up 
to a few cm away from the primary vertex. The decay vertex was 
determined by exploiting a set of geometrical selections: i) the dis-
tance of closest approach (DCA) between the two particle tracks 
identified using dE/dx in the TPC as 3He and π , ii) the DCA of 
the π± tracks from the primary vertex, iii) the cosine of the angle 
between the total momentum of the decay pairs at the secondary 
vertex and a vector connecting the primary vertex and the sec-
ondary vertex (pointing angle), and iv) a selection on the proper 
lifetime (cτ ) of the candidate. An additional selection on the 3

"H
(3
"̄

H) rapidity (|y| < 0.5) was applied.

Fig. 1 shows the invariant mass distribution of (3He, π−) on 
the left and (3He, π+) on the right for events with 10–50% cen-

trality in the pair transverse momentum range 2 ≤ pT < 10 GeV/c. 
In order to estimate the background, for each event the π track 
detected at the secondary vertex was rotated 20 times by a ran-
dom azimuthal angle. The shape of the corresponding (3He, π ) 
invariant mass distribution was found to reproduce the observed 
background outside the signal region. The data points were fitted 
with a function which is the sum of a Gaussian and a third degree 
polynomial, used to describe the signal and the background, re-
spectively. The background was normalized to the measured values 
in the 3.01–3.08 GeV/c2 region. The fit to the background distri-
bution was used to fix the parameters of the polynomial in the 
combined fit.

In the 0–10% most central collisions, a signal was extracted 
in three transverse momentum intervals (2 ≤ pT < 4 GeV/c, 4 ≤
pT < 6 GeV/c, 6 ≤ pT < 10 GeV/c), for both 3

"H and 3
"̄

H. In the 
10–50% centrality class a signal both for 3

"H and 3
"̄

H was ob-
tained for the full pT range under study (2 ≤ pT < 10 GeV/c). 
From the combined fit results the mean value, the width and the 
yield of the signal were extracted. The mean invariant mass (µ =
2.991 ± 0.001(stat.) ± 0.003(syst.) GeV/c2) is compatible within 
uncertainties with the mass from the literature [22]. The signal 
width, σ = (3.01 ± 0.24(stat.)) × 10−3 GeV/c2 obtained as the 
mean value of all the measured widths, is reproduced by Monte 
Carlo simulations and is driven by detector resolution. The raw 
yield of the signal was defined as the integral of the Gaussian func-
tion in a ±3σ region around the mean value. The significance of 
both matter and anti-matter signals varies in the different pT bins 
in the range of 3.0–3.2 σ for the most central collisions (0–10%) 
and ranges from 3 to 3.5 σ for the semi-central ones (10–50%).

A correction factor which takes into account the detector ac-
ceptance, the reconstruction efficiency, and the absorption of 3

"H
(3
"̄

H) by the material crossed was determined as a function of pT. 
Detector acceptance and reconstruction efficiency were evaluated 
using a dedicated HIJING Monte Carlo simulation [23], where the 
only allowed decay was the two-body decay to charged particles, 
(3
"H → 3He + π−) and (3

"̄
H → 3He + π+). The simulated particles 

were propagated through the detector using the GEANT3 transport 
code [24] and then processed with the same reconstruction chain 
as for the data.

Since the absorption of (anti-)(hyper)nuclei is not properly im-
plemented in GEANT3, a correction based on the p (p) absorption 
was applied in order to take into account the absorption of 3

"H
(3
"̄

H) and 3He (3He) by the material of the ALICE detector. In this 
approach, the 3He and 3

"H were treated as states of three indepen-
dent p (p). The 3He was considered as a bound state of 3 protons 

Fig. 1. Invariant mass of (3He, π−) (left) and (3He, π+) (right) for events with 10–50% centrality in the pair 2 ≤ pT < 10 GeV/c interval. The data points are shown as filled 
circles, while the squares represent the background distribution as described in the text. The curve represents the function used to perform the fit and used to evaluate the 
background and the raw signal. The significance in ±3σ around the peak is 3.5 and 3.0 for the invariant mass distribution of (3He, π−) and (3He, π+), respectively.

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

+
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Hypertriton:	dN/dy	x	B.R.
364 ALICE Collaboration / Physics Letters B 754 (2016) 360–372

Fig. 5. pT-integrated 3
!H yield times branching ratio as a function of branching ratio 

(dN/dy × B.R. vs B.R.). The horizontal line is the measured value and the band 
represents statistical and systematic uncertainties added in quadrature. Lines are 
different theoretical expectations as explained in the text.

4.1. Comparison between thermal models and experimental yields

Since the decay branching ratio of the 3
!H → 3He + π− was 

estimated only relative to the charged-pion channels [39], the cor-
responding value (B.R. = 35%) provides an upper limit for the 
absolute branching ratio. On the other hand, a theoretical esti-
mation for the 3

!H → 3He + π− decay branching ratio, which 
also takes into account decays with neutral mesons decays, gave 
a B.R. = 25% [33]. Assuming a possible variation on the B.R. in 
the range 15–35%, we show in Fig. 5 a comparison of our re-
sult with different theoretical model calculations [1,50,51]. The 
measured dN/dy × B.R. is shown as a horizontal line, where the 
band represent statistical and systematic uncertainties added in 
quadrature while the different theoretical models are shown as 
lines. The data are compared with the following models: two ver-
sions of the statistical hadronization model [1,50] and the hy-
brid UrQMD model [51], which combines the hadronic transport 
approach with an initial hydrodynamical stage for the hot and 
dense phase of a heavy-ion collision. The two versions of the sta-
tistical hadronization model used are the equilibrium statistical 
model (GSI-Heidelberg), described in [1] and references therein, 
with a temperature Tch = 156 MeV and the non-equilibrium ther-
mal model (SHARE), described in [50] and references therein, with 
Tch = 138.3 MeV, γq = 1.63 and γs = 2.08, where γq and γs rep-
resent the quark and strangeness phase space occupancy of the 
system created after the collision, respectively.

The non-equilibrium thermal model (SHARE) [50] overestimates 
the (anti-)hypertriton pT-integrated yield by a factor from 2 to 5 
depending on the branching ratio (B.R.). For the branching ra-
tio expected following [33] (B.R. = 25%) the equilibrium thermal 
model [1] (GSI-Heidelberg) and the hybrid UrQMD model [51] de-
scribe the data best.

A fit, based on the thermal fit described in [1], was performed 
to the hypertriton yield and to yields from other light flavour 
hadrons, except K∗ , previously measured by our Collaboration at √

sNN = 2.76 TeV [31,52–55]. The inclusion of the deuteron, 3He 
[31] and 3

!H in the thermal fit [56] in addition to lighter parti-
cles, does not change the resulting freeze-out temperature (Tch =
156 ±2 MeV) and the measured yields of the nuclei and the hyper-
triton agree with the model predictions within 1σ . The results on 
the hypertriton yields discussed above were also used to determine 
the 3

!H/3He and 3
!̄

H/3He ratios, which are shown in Table 4. In or-

der to compute the ratios, our previous measurement of 3He and 

Table 4
Ratios of 3

!H/3He and 3
!̄

H/3He assuming a B.R. = 25% for the 3
!H → 3He + π de-

cay [33]. The results from 3He and 3He analysis measured by the ALICE experiment 
were used [31].

Centrality 3
!H/3He 3

!̄
H/3He

0–10% 0.47 ± 0.10(stat.) ± 0.13(syst.) 0.42 ± 0.10(stat.) ± 0.13(syst.)
10–50% 0.40 ± 0.11(stat.) ± 0.11(syst.) 0.26 ± 0.09(stat.) ± 0.08(syst.)

Fig. 6. The ratios 3
!H/3He and 3

!̄
H/3He determined by the present analysis (filled 

circles) for matter and anti-matter compared with STAR results (squares) [9] and 
theoretical predictions (lines) [1,50,57,58] as described in the legend.

3He yields [31] were used. These results were compared with dif-
ferent theoretical models [50,57,58] and results from the STAR ex-
periment [9] at √sNN = 200 GeV, which use the same B.R. = 25%. 
The comparison is shown in Fig. 6. STAR results are higher than 
ALICE results, but still compatible within uncertainties.

4.2. Data comparison to coalescence models and S3 ratio

At the moment no prediction of the 3
!H and 3

!̄
H yields in a 

non-trivial dynamical coalescence model is available at LHC ener-
gies. Nevertheless within a simple coalescence model it is possible 
to evaluate some parameters which are sensitive to the existence 
of coalescence mechanisms for hypernuclei formation. In the em-
pirical coalescence model [11] the cross section for the production 
of a cluster with mass number A is related to the probability that 
A nucleons have relative momenta less than p0, which is a free pa-
rameter of the model. This provides the following relation between 
the production cross sections of the nuclear cluster emitted with a 
momentum p A and the nucleon emitted with a momentum pp

E A
d3N A

d3 p A
= B A

!

Ep
d3Np

d3 pp

"A

, (2)

where p A = App. For a given nucleus, the coalescence parameter 
B A should not depend on the momentum since it depends only on 
the cluster parameters:

B A =
#

4π

3
p3

0

$(A−1) M
mA (3)

where M and m are the nucleus and the proton mass, respectively 
and p0 is the relative momentum between the constituent nu-
cleons of the nucleus. The parameter B3 was computed for 3

!H
according to Equation (2) using the spectrum shown in Fig. 2 and 
our previous measurement of the proton [52] and ! [54] spectra.

• Hypertriton B.R. is not well known; 
only constrained by the ratio 
between all charged channels 
containing a pion 

• dN/dy x B.R. vs B.R. compared with 
three different theoretical models: 
✓ Hybrid UrQMD: combines the hadronic 

transport approach with an initial 
hydrodynamical stage for the hot and 
dense medium 

✓ GSI-Heidelberg: equilibrium statistical 
model with Tch = 156 MeV 

- SHARE: non-equilibrium thermal model with 
Tch = 138.3 MeV, 𝛾q =1.63 and 𝛾s =2.08 

• Theory(3), which assumes a value 
around 25%, gives a lifetime 
prediction close to the one of the 
free Λ

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

|y| < 0.5
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Hypertriton:	lifetime
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Table 2
Summary of systematic uncertainties for the determi-
nation of the proper lifetime of 3

!H +3
!̄

H.

Source Value

Signal extraction method 9%
Tracking efficiency 10%
Absorption 12%
Total 18%

Fig. 3. Measured dN/d(ct) distribution and an exponential fit used to determine 
the lifetime. The bars and boxes are the statistical and systematic uncertainties, 
respectively.

pT > 10 GeV/c is negligible. Different transverse momentum dis-
tributions were used to evaluate the systematic uncertainty related 
to the extrapolation, which was found to be 5%.

To determine the lifetime, the (3
!H +3

!̄
H) sample was divided 

into four intervals in ct = MLc/p, where M is the mass, L the 
decay length, c is the speed of light, and p is the total mo-
mentum. The mass was fixed to the value from the literature 
M = 2.991 GeV/c2 [22]. For the determination of the lifetime, both 
centrality classes 0–10% and 10–50% were used. The signal was 
extracted in the intervals: 1 ≤ ct < 4 cm, 4 ≤ ct < 7 cm, 7 ≤ ct <

10 cm and 10 ≤ ct < 28 cm. To estimate the lifetime, the raw sig-
nal was corrected by the detector acceptance, the reconstruction 
efficiency and the absorption of 3

!H (3
!̄

H) in the material. The same 
dedicated HIJING Monte Carlo simulation and the same procedure 
used to determine the pT dependence of the efficiency were used. 
The sources of systematic uncertainty are shown in Table 2.

An exponential fit was performed to determine the lifetime. The 
dN/d(ct) distribution and the exponential fit are shown in Fig. 3. 
The vertical bars show the statistical uncertainties and the boxes 
represent the systematic uncertainties. The slope of the fit results 
in a proper decay length of cτ =

!
5.4+1.6

−1.2(stat.) ± 1.0(syst.)
"

cm.

The lifetimes of light !-hypernuclei (A ≤ 4) are expected to be 
very similar to that of the free !, if the ! in the hypernucleus 
is weakly bound [33]. The measured lifetimes of light hypernuclei 
such as 3

!H [9,34–40] are not known as precisely as the ! lifetime, 
and theoretical predictions [33,41–48] are scattered over a large 

Fig. 4. 3
!H lifetime (τ ) measured by in this analysis (red diamond) compared with 

published results. The band represents the world average of 3
!H lifetime mea-

surements 
!
τ = 215+18

−16

"
ps, while the dashed line represent the lifetime of ! as 

reported by the Particle Data Group [32]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this arti-
cle.)

range, too. Recently, a statistical combination of the experimental 
lifetime estimations of 3

!H available in literature was published, 
resulting in an average value τ =

!
216+19

−18

"
ps [49].

With the present data, a lifetime of τ =
!

181+54
−39(stat.) ±

33(syst.)
"

ps has been obtained. It is compared with the previ-

ously published results in Fig. 4. Our result, together with the 
previous ones, was used to re-evaluate the world average of the 
existing results using the same procedure as described in [49]. The 
obtained value, τ =

!
215+18

−16 ps
"

, is shown as a band in Fig. 4. The 
result obtained in this analysis is compatible with the computed 
average.

4. Comparison between experimental yields and theoretical 
models

The product of the pT-integrated yield and the B.R. of the 
3
!H → (3He + π−) decay for 3

!H and 3
!̄

H for two centrality classes 
(0–10% and 10–50%) are reported in Table 3. The systematic uncer-
tainties also include the contribution due to the low pT extrapola-
tion as described in Section 3.

It is possible to compare the pT-integrated 3
!H yield at differ-

ent centralities by scaling them according to the charged-particle 
densities ⟨dNch/dη⟩. For central (0–10%) collisions ⟨dNch/dη⟩ =
1447 ± 39, while for semi-central (10–50%) ⟨dNch/dη⟩ = 575 ± 12. 
The ratio
# !

3
!H+3

!̄
H

"

(0−10%)!
3
!H+3

!̄
H

"

(10−50%)

$

! ⟨dNch/dη⟩(0−10%)

⟨dNch/dη⟩(10−50%)

" = 1.34 ± 0.35(stat.) ± 0.24(syst.) (1)

is compatible with unity within 1σ . The 3
!H (3

!̄
H) production 

scales with centrality like the charged-particle production.

Table 3
pT-integrated 3

!H yield times the B.R. of the 3
!H → (3He + π−) decay, for 3

!H and 3
!̄

H in Pb–Pb collisions at √
sNN = 2.76 TeV for different centrality classes in |y| < 0.5. For each centrality interval the average ⟨dNch/dη⟩ is 

also reported [18].

Centrality ⟨dNch/dη⟩ 3
!H dN/dy × B.R. × 105 3

!̄
H dN/dy × B.R. × 105

0–10% 1447±39 3.86 ± 0.77(stat.) ± 0.68(syst.) 3.47 ± 0.81(stat.) ± 0.69(syst.)
10–50% 575±12 1.31 ± 0.37(stat.) ± 0.23(syst.) 0.85 ± 0.29(stat.) ± 0.17(syst.)

• Exponential fit to the dN/d(ct) distribution 

• Results compared with: 

- Free Λ lifetime ~263 ps (dotted line) 

- Statistical combination of experimental lifetime(4)  

τ =
!

181+54
−39(stat.) + 33(syst.)

"

ps

τ =
!

216
+19
−18

"

ps

(4) C.Rappold et al. Phys. Lett. B 728, 543-548 (2014)

• Recently extracted value 
significantly below the free Λ 

• Not expected from theory 
• Currently the most precise results 

in heavy-ion experiments 
• Better precision expected from 

larger data samples soon

The “puzzle”
ALICE Collaboration, Phys. Lett. B 754, 360-372 (2016)

3H World AverageΛ
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Thermal	Fit:	nuclei	and	hypertriton
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• Production yields described over a wide range assuming thermodynamic equilibrium 

• Nuclei and hypertriton production yields are included in the fit 

• dN/dy in Pb-Pb collisions are well described by an equilibrium thermal model with a 
temperature 

Tchem = 156 ± 2 MeV

Model reference
• THERMUS:

Wheaton et al., Comput. 
Phys Commun., 180 84  

• GSI-Heidelberg: 
Andronic et al., Phys Lett. B 
697, 203 

• SHARE:
Petran et al., Comput. Phys. 
Commun., 185 Issue 7, 
2056 
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Introduction

(Anti-)Nuclei

(Anti-)Hypertriton

Exotica searches

Outlook and conclusion

Outline

• Phys. Lett. B 752, 267-277 (2016) 📝

http://www.sciencedirect.com/science/article/pii/S0370269315009041


20Stefano Trogolo HQ2016 - South Padre Island

Exotica:	invariant	mass

ALICE Collaboration, Phys. Lett. B 752, 267-277 (2016)

H-dibaryon
• Theoretical uuddss bound states 

predicted by R.L. Jaffe 

• Invariant mass MH < 2.231 GeV/c2 

• Search in the decay channel 

H ⟶ Λp𝜋-

Λn

• Invariant mass MΛn ≅ 2.055 GeV/c2 

• Antimatter investigated here because of 
less secondary contamination 

• Search in the decay channel 
Λn ⟶ d𝜋+

Search for strange exotic bound states is important as it could provide information 
on the Λ-nucleon and Λ-Λ interaction

ALICE Collaboration / Physics Letters B 752 (2016) 267–277 269

Table 1
Selection criteria for !n analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 70
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 and kinematic selection criteria
Pointing angle $ < 0.045 rad
DCA between the V 0 daughters DCA < 0.3 cm
Momentum ptot of the anti-deuteron ptot > 0.2 GeV/c
Energy deposit dE/dx anti-deuteron dE/dx > 110 (from Fig. 1)
PID cut for daughters ±3σ (TPC)

Fig. 2. Invariant mass distribution for dπ+ for the Pb–Pb data corresponding to 
19.3 × 106 central events. The arrow indicates the sum of the mass of the con-
stituents (!n) of the assumed bound state. A signal for the bound state is expected 
in the region below this sum. The dashed line represents an exponential fit outside 
the expected signal region to estimate the background.

To identify the secondary vertex the two daughter tracks have to 
have a DCA smaller than 0.3 cm. Another condition is that the 
maximum pointing angle is smaller than 0.045 rad (see descrip-
tion above). Deuterons are cleanly identified in the rigidity region 
of 400 MeV/c to 1.75 GeV/c. To limit contamination from other 
particle species, the dE/dx has to be above 110 units of the TPC 
signal, shown in Fig. 1.

The selection criteria are summarised in Table 1. The resulting 
invariant mass distribution, reflecting the kinematic range of iden-
tified daughter tracks, is displayed in Fig. 2.

4.2. H-dibaryon

The search for the H-dibaryon is performed in the decay chan-
nel H → !pπ− , with a mass lying in the range 2.200 GeV/c2 <
mH < 2.231 GeV/c2 (see Fig. 3). The analysis strategy for the H-
dibaryon is similar as for the !n bound state described above, 
except that here a second V 0-type decay particle is involved.

One V 0 candidate originating from the H-dibaryon decay ver-
tex has to be identified as a ! decaying into a proton and a 
pion. In addition another V 0 decay pattern reconstructed from a 
proton and a pion is required to be found at the decay vertex 
of the H-dibaryon. First the invariant mass of the ! is recon-
structed and then the candidates in the invariant mass window of 
1.111 GeV/c2 < m! < 1.120 GeV/c2 are combined with the four-
vectors of the proton and pion at the decay vertex. A 3σ dE/dx
cut in the TPC is used to identify the protons and the pions for 
both the ! candidate and the V 0 topology at the H-dibaryon de-
cay vertex.

Fig. 3. Invariant mass distribution for !pπ− for the Pb–Pb data corresponding to 
19.3 × 106 central events. The left arrow indicates the sum of the masses of the 
constituents (!!) of the possible bound state. A signal for the bound state is ex-
pected in the region below this sum. For the speculated resonant state a signal is 
expected between the !! and the 'p (indicated by the right arrow) thresholds. 
The dashed line is an exponential fit to estimate the background.

Table 2
Selection criteria used for !! (H-dibaryon) analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 80
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 selection criteria
DCA V 0 daughters DCA < 1 cm
DCA positive V 0 daughter – H decay vertex DCA > 2 cm
DCA negative V 0 daughter – H decay vertex DCA > 2 cm

Kinematic selection criteria
DCA positive H daughter – primary vertex DCA > 2 cm
DCA negative H daughter – primary vertex DCA > 2 cm
DCA H daughters DCA < 1 cm
Pointing angle of H $ < 0.05 rad
PID cut for daughters ±3σ (TPC)
! mass window ±3σ

To cope with the huge background caused by primary and sec-
ondary pions additional selection criteria have to be applied. Each 
track is required to be at least 2 cm away from the primary vertex 
and the tracks combined to a V 0 are required to have a minimum 
distance below 1 cm. The pointing angle is required to be below 
0.05 rad. All selection criteria are summarised in Table 2. The re-
sulting invariant mass is shown in Fig. 3. The shape of the invariant 
mass distribution is caused by the kinematic range of the identi-
fied daughter tracks.

5. Systematics and absorption correction

Monte Carlo samples have been produced to estimate the ef-
ficiency for the detection of the !n bound state and the H-
dibaryon. The kinematical distributions of the hypothetical bound 
states were generated uniformly in rapidity y and in transverse 
momentum pT. In order to deal with the unknown lifetime, differ-
ent decay lengths are investigated, ranging from 4 cm up to 3 m. 
The lower limit is determined by the secondary vertex finding ef-
ficiency and the upper limit by the requirement that there is a 
significant probability for decays inside the TPC2 (the final accep-

2 For the H-dibaryon there is also a theoretical maximal decay length calculated 
for the investigated decay channel [45].

ALICE Collaboration / Physics Letters B 752 (2016) 267–277 269
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stituents (!n) of the assumed bound state. A signal for the bound state is expected 
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the expected signal region to estimate the background.

To identify the secondary vertex the two daughter tracks have to 
have a DCA smaller than 0.3 cm. Another condition is that the 
maximum pointing angle is smaller than 0.045 rad (see descrip-
tion above). Deuterons are cleanly identified in the rigidity region 
of 400 MeV/c to 1.75 GeV/c. To limit contamination from other 
particle species, the dE/dx has to be above 110 units of the TPC 
signal, shown in Fig. 1.

The selection criteria are summarised in Table 1. The resulting 
invariant mass distribution, reflecting the kinematic range of iden-
tified daughter tracks, is displayed in Fig. 2.

4.2. H-dibaryon

The search for the H-dibaryon is performed in the decay chan-
nel H → !pπ− , with a mass lying in the range 2.200 GeV/c2 <
mH < 2.231 GeV/c2 (see Fig. 3). The analysis strategy for the H-
dibaryon is similar as for the !n bound state described above, 
except that here a second V 0-type decay particle is involved.

One V 0 candidate originating from the H-dibaryon decay ver-
tex has to be identified as a ! decaying into a proton and a 
pion. In addition another V 0 decay pattern reconstructed from a 
proton and a pion is required to be found at the decay vertex 
of the H-dibaryon. First the invariant mass of the ! is recon-
structed and then the candidates in the invariant mass window of 
1.111 GeV/c2 < m! < 1.120 GeV/c2 are combined with the four-
vectors of the proton and pion at the decay vertex. A 3σ dE/dx
cut in the TPC is used to identify the protons and the pions for 
both the ! candidate and the V 0 topology at the H-dibaryon de-
cay vertex.

Fig. 3. Invariant mass distribution for !pπ− for the Pb–Pb data corresponding to 
19.3 × 106 central events. The left arrow indicates the sum of the masses of the 
constituents (!!) of the possible bound state. A signal for the bound state is ex-
pected in the region below this sum. For the speculated resonant state a signal is 
expected between the !! and the 'p (indicated by the right arrow) thresholds. 
The dashed line is an exponential fit to estimate the background.

Table 2
Selection criteria used for !! (H-dibaryon) analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 80
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 selection criteria
DCA V 0 daughters DCA < 1 cm
DCA positive V 0 daughter – H decay vertex DCA > 2 cm
DCA negative V 0 daughter – H decay vertex DCA > 2 cm

Kinematic selection criteria
DCA positive H daughter – primary vertex DCA > 2 cm
DCA negative H daughter – primary vertex DCA > 2 cm
DCA H daughters DCA < 1 cm
Pointing angle of H $ < 0.05 rad
PID cut for daughters ±3σ (TPC)
! mass window ±3σ

To cope with the huge background caused by primary and sec-
ondary pions additional selection criteria have to be applied. Each 
track is required to be at least 2 cm away from the primary vertex 
and the tracks combined to a V 0 are required to have a minimum 
distance below 1 cm. The pointing angle is required to be below 
0.05 rad. All selection criteria are summarised in Table 2. The re-
sulting invariant mass is shown in Fig. 3. The shape of the invariant 
mass distribution is caused by the kinematic range of the identi-
fied daughter tracks.

5. Systematics and absorption correction

Monte Carlo samples have been produced to estimate the ef-
ficiency for the detection of the !n bound state and the H-
dibaryon. The kinematical distributions of the hypothetical bound 
states were generated uniformly in rapidity y and in transverse 
momentum pT. In order to deal with the unknown lifetime, differ-
ent decay lengths are investigated, ranging from 4 cm up to 3 m. 
The lower limit is determined by the secondary vertex finding ef-
ficiency and the upper limit by the requirement that there is a 
significant probability for decays inside the TPC2 (the final accep-

2 For the H-dibaryon there is also a theoretical maximal decay length calculated 
for the investigated decay channel [45].

exponential fit to 
extract the background
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Exotica:	upper	limits

• No signal observed from invariant mass spectra ⟶ upper limit obtained (C.L. 99%) 

• Upper limit on dN/dy

H-dibaryon: B.R. = 64%(5) and free Λ lifetime 
➡dN/dy ~ 2.0x10-4 a factor ~30 below predictions 

Λn: B.R. = 54%(5) and free Λ lifetime 
➡dN/dy ~ 9.0x10-4 a factor ~45 below predictions ALICE Collaboration / Physics Letters B 752 (2016) 267–277 271

Fig. 5. Experimentally determined upper limit, under the assumption of the lifetime 
of a free !. In the upper panel shown for the !n bound state and for the H-
dibaryon in the lower panel. It includes 30% systematic uncertainty for each particle 
and 6% correction for absorption with an uncertainty of 7% for the !n bound state. 
The theory lines are drawn for different theoretical branching ratios (BR) in blue for 
the equilibrium thermal model from [16] for two temperatures (164 MeV the full 
line and 156 MeV the dashed line), in green the non-equilibrium thermal model 
from [30] and in yellow the predictions from a hybrid UrQMD calculation [50]. The 
H-dibaryon is also compared with predictions from coalescence models, where the 
full red line visualises the prediction assuming quark coalescence and the dashed 
red line corresponds to hadron coalescence [31]. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.)

7. Discussion

The limits obtained on the rapidity density of the investigated 
exotic compound objects are found to be more than one order of 
magnitude below the expectations of particle production models, 
when using a realistic branching ratio and a reasonable lifetime. It 
has to be noted that simultaneously, a clear signal was observed 
for the very loosely bound hypertriton (binding energy < 150 keV) 
for which production yields have been measured [9]. These yields 
along with those of nuclei A = 2, 3, 4 agree well with the pre-
dictions of the thermal model discussed above and decrease with 
each additional baryon number by roughly a factor 300. One would 
therefore assume that the yield of the !n, if such particle existed, 
should also be predicted by this model and with a value for the 
rapidity density of about a factor 300 higher than the measured 
hypertriton yield. Similar considerations hold for the H-dibaryon.

8. Conclusion

A search is reported for the existence of loosely bound strange 
dibaryons !! and !n whose possible existence has been dis-
cussed widely in the literature. No signals are observed. On the 
other hand, loosely bound objects with baryon number A = 3 such 
as the hypertriton have been measured in the same data sample. 
The yields of nuclei [10] and of the hypertriton [9] are quantita-
tively understood within a thermal model calculation. The present 
analysis provides stringent upper limits at 99% confidence level for 
the production of H-dibaryon and !n bound state, in general sig-
nificantly below the thermal model predictions. The upper limits 
are obtained for different lifetimes. The values are well below the 
model predictions when realistic branching ratios and reasonable 
lifetimes are assumed. Thus, our results do not support the exis-
tence of the H-dibaryon and the !n bound state.
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We thank S. Beane, M. Petráň, J. Schaffner-Bielich and J. Stein-
heimer for useful correspondence.

The ALICE Collaboration would like to thank all its engineers 
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the out-
standing performance of the LHC complex. The ALICE Collaboration 
gratefully acknowledges the resources and support provided by 
all Grid centres and the Worldwide LHC Computing Grid (WLCG) 
Collaboration. The ALICE Collaboration acknowledges the follow-
ing funding agencies for their support in building and running 
the ALICE detector: State Committee of Science, World Federation 
of Scientists (WFS) and Swiss Fonds Kidagan, Armenia, Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Fi-
nanciadora de Estudos e Projetos (FINEP), Fundação de Amparo à 
Pesquisa do Estado de São Paulo (FAPESP); National Natural Science 
Foundation of China (NSFC), the Chinese Ministry of Education 
(CMOE) and the Ministry of Science and Technology of the Peo-
ple’s Republic of China (MSTC); Ministry of Education and Youth of 
the Czech Republic; Danish Natural Science Research Council, the 
Carlsberg Foundation and the Danish National Research Founda-
tion; The European Research Council under the European Commu-
nity’s Seventh Framework Programme; Helsinki Institute of Physics 
and the Academy of Finland; French CNRS-IN2P3, the ‘Region Pays 
de Loire’, ‘Region Alsace’, ‘Region Auvergne’ and CEA, France; Ger-
man Bundesministerium fur Bildung, Wissenschaft, Forschung und 
Technologie (BMBF) and the Helmholtz Association; General Sec-
retariat for Research and Technology, Ministry of Development, 
Greece; Hungarian Orszagos Tudomanyos Kutatasi Alappgrammok 
(OTKA) and National Office for Research and Technology (NKTH); 
Department of Atomic Energy and Department of Science and 
Technology of the Government of India; Istituto Nazionale di Fisica 
Nucleare (INFN) and Centro Fermi – Museo Storico della Fisica 
e Centro Studi e Ricerche “Enrico Fermi”, Italy; MEXT Grant-in-
Aid for Specially Promoted Research, Japan; Joint Institute for 
Nuclear Research, Dubna; National Research Foundation of Korea 
(NRF); Consejo Nacional de Cienca y Tecnologia (CONACYT), Direc-
cion General de Asuntos del Personal Academico (DGAPA), México, 
Amerique Latine Formation academique – European Commission 
(ALFA-EC) and the EPLANET Program (European Particle Physics 
Latin American Network); Stichting voor Fundamenteel Onderzoek 
der Materie (FOM) and the Nederlandse Organisatie voor Weten-
schappelijk Onderzoek (NWO), Netherlands; Research Council of 
Norway (NFR); National Science Centre, Poland; Ministry of Na-
tional Education/Institute for Atomic Physics and National Council 
of Scientific Research in Higher Education (CNCSI-UEFISCDI), Roma-
nia; Ministry of Education and Science of the Russian Federation, 
Russian Academy of Sciences, Russian Federal Agency of Atomic 
Energy, Russian Federal Agency for Science and Innovations and 
The Russian Foundation for Basic Research; Ministry of Education 
of Slovakia; Department of Science and Technology, Republic of 
South Africa; Centro de Investigaciones Energeticas, Medioambi-
entales y Tecnologicas (CIEMAT), E-Infrastructure shared between 
Europe and Latin America (EELA), Ministerio de Economía y Com-
petitividad (MINECO) of Spain, Xunta de Galicia (Consellería de 
Educación), Centro de Aplicaciones Tecnológicas y Desarrollo Nu-
clear (CEADEN), Cubaenergía, Cuba, and IAEA (International Atomic 
Energy Agency); Swedish Research Council (VR) and Knut and Alice 
Wallenberg Foundation (KAW); Ukraine Ministry of Education and 
Science; United Kingdom Science and Technology Facilities Council 
(STFC); The United States Department of Energy, the United States 
National Science Foundation, the State of Texas, and the State of 

• B.R. dependence
- using upper limit from free Λ 

lifetime assumption 
- B.R. x dN/dy upper limit is far 

away from the expectations for 
preferred B.R. 

- comparison with thermal model 
- only for H-dibaryon comparison 

also with coalescence model (red 
lines) because no calculation 
exists for Λn
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Outlook	and	conclusion

Run 2 (2015-2018)

• for Pb-Pb an increase of statistics by a factor ~10 is expected 
• improvement of Run 1 measurements and search for exotica signals  
• study the hypertriton in the 3-body decay channel

Run 3-4 (2021-2023; 2026-2029)

• LHC will deliver more statistics                                                                      
⟶ Pb-Pb at 50 kHz collision rate 

• ALICE will upgrade the detectors                                                                 
to cope with this higher luminosity 

• TPC upgrade: GEMs for continuous readout 
• ITS upgrade: low material budget and                                                       

more precise tracking for the identification of                                               
hyper-nuclei  

• Physics analysis done for A=2 and A=3 nuclei                                                  
and hyper-nuclei will be done also for A=4

ALICE Collaboration, ITS upgrade TDR   
J. Phys. G 41, 087002 (2014)

http://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002/pdf
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Outlook	and	conclusion

✓ ALICE’s excellent performance allows the detection of light (anti-)(hyper-)nuclei 
and search for exotic bound states 

✓ A hardening of deuteron and 3He spectra is observed for increasing centrality in 
Pb-Pb and multiplicity in p-Pb collisions 

✓ Measurement of deuteron elliptic flow shows a significant v2 for semicentral    
Pb-Pb collisions 

✓ Thermal and coalescence models describe the (anti-)(hyper-)nuclei data well 
✓ Measured deuteron, 3He, hypertriton and anti-alpha yields are in good 

agreement with the current best thermal fit from equilibrium thermal model 
(Tchem = 156 MeV) 

✓ Hypertriton lifetime measurement is consistent with previous heavy-ions results 
but shows a significant deviation from free Λ lifetime 

✓ Upper limit for the exotic bound states (Λn and H-dibaryon) are a factor ~25 
below theoretical predictions 

✓ New data and results are expected from the LHC Run2 on the presented topics

Thank you for your attention
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A Large Ion Collider Experiment 
• Designed for heavy-ion collisions 
• Excellent Particle Identification (PID) capabilities and low material budget 
• Suited for hypernuclei and exotica production study 
• In Run1 Pb-Pb √sNN = 2.76 TeV

TOF

HQ2016 - South Padre Island

ALICE
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TPC

ITS

Main detectors used for 
(anti-)(hyper-)nuclei and 
exotica analysis: 

• Inner Tracking System 

• Time Projection Chamber 

• Time-Of-Flight 
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Time Projection Chamber 
• PID is done using the specific energy loss 

dE/dx 

➡σdE/dx ~ 7% (Pb-Pb collisions) 

➡Clear nuclei separation: at p/z ≤ 2 GeV/c 
excellent PID for light nuclei 
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Particle	Identification
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Time-Of-Flight 
• PID is done using TOF to measure the β of 

the particles 
➡σTOF ~ 85 ps (Pb-Pb collisions) 

➡deuteron identification up to 4.5 GeV/c in 
Pb-Pb collisions

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



  Secondary contamination 

39 

� Distance-of-Closest-Approach (DCA) distributions can be 
used to separate primary particles (produced in the collision) 
from secondary particles (from knock-out of the material, e.g. 
beam pipe) 
� Knock-out is a significant problem at low pT, but only for 
nuclei not for anti-nuclei 

SQM2016, Berkeley - Benjamin Dönigus  

Stefano Trogolo

Inner Tracking System 
• Separation of particles coming from primary and 

secondary vertices 
➡σDCAxy < 100 μm for pT > 0.5 GeV/c (in Pb-Pb 

collisions) 

➡Distance-of-Closest-Approach (DCA) can be used to 
separate primary particles (produced in the collision) 
from secondary particles (knock-out of the material) 

➡Knock-out contribution is significant at low pT but only 
for nuclei, not for anti-nuclei

HQ2016 - South Padre Island

Vertexing	and	Tracking
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Theory
The centrality of the collision is defined by the 
impact parameter vector b

Most central collision ⟺ Smallest b
Experimentally
It is possible to correlate the track multiplicity 
to an impact parameter value by fitting data 
with predictions from Glauber model.
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Heavy Ion collision
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Centrality

ALICE Collaboration, Phys. Rev. Lett. 106 (2011), 032301

V0A (Pb-side) amplitude (arb. units)
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Central	region
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• Precise measurement of (anti-)nuclei mass 
difference 
→ probe any difference in nucleon anti-
nucleon interaction 

• CPT invariance test of residual QCD 
“nuclear force” by looking at the mass 
difference between nuclei and anti-nuclei 

HQ2016 - South Padre Island

Nuclei:	CPT	invariance	test

31

ALICE Collaboration, Nature Phys. 11, 811-814 (2015)
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• Binding energy definition                                               
εA = Zmp + (A-Z)mn - mA 

✓ Mass and binding energies of nuclei 
and anti-nuclei are compatible within 
uncertainties 

✓ Measurement confirms the CPT 
invariance for light nuclei

ALICE Collaboration, Nature Phys. 11, 811-814 (2015)
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• Simultaneous Blast-Wave fit 𝜋+, K+, p, d 
and 3He spectra for central Pb-Pb collisions 
→ <β> = 0.632 ± 0.01 
→ Tkin = 113 ± 12 MeV 

• These values are close to those obtained 
when only 𝜋, K and p are used                        
ALICE Collaboration, Phys. Rev. C 88, 044910 (2013) 

• All particles are described rather well with 
this simultaneous fit

HQ2016 - South Padre Island

Nuclei:	Blast-Wave	simultaneous	fit
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• 3He/d and 3He/p ratios are in agreement 
with thermal model values

HQ2016 - South Padre Island

Nuclei:	ratios	between	species

33

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)
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Nuclei:	mean	pT

34

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)

• mean transverse momentum <pT> as a function of the particle mass 

• <pT> increases with particle mass 

→ particles are emitted from a radially expanding source
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Nuclei:	anti-tritons
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ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)

• 31 anti-triton candidates are observed  

• for pT> 1.6 GeV/c the contamination increases rapidly → signal and 
background cannot be easily distinguished
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Nuclei:	anti-alpha

36

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)

• For the full statistics of 2011 Pb-Pb collisions 
→ ALICE observed 10 anti-alphas using TPC and TOF detectors  

• First observed by STAR Nature 473, 353 (2011) 
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Nuclei:	deuteron	elliptic	flow
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• Centrality 10-20%
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Nuclei:	deuteron	elliptic	flow
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Table 1
Summary of systematic uncertainties for the three pT intervals and in the full range (F.R.) considered. These uncertainties are the same for events with 0–10% and 10–50% 
centrality. For the final systematic uncertainty evaluation they were added in quadrature.

3
!H 3

!̄
H

pT intervals (GeV/c) pT intervals (GeV/c)

2–4 4–6 6–10 F.R. 2–4 4–6 6–10 F.R.

Absorption 5.4% 5.3% 5.4% 5.4% 13% 10% 8.9 % 10.6%
Tracking efficiency 10% 10% 10% 10% 10% 10% 10% 10%
3
!H lifetime 8.5% 8.5% 8.5% 8.5% 8.5% 8.5% 8.5% 8.5%
Signal extraction method 9% 9% 9% 9% 9% 9% 9% 9%
Extrapolation at low pT – – – 5% – – – 5%
Total 16.8% 16.8% 16.8% 17.5% 20.5% 18.8% 18.2% 19.8%

Fig. 2. Left: Transverse momentum spectra multiplied by the B.R. of the 3
!H → 3He + π− decay for 3

!H (filled circles) and 3
!̄

H (squares) for the most central (0–10%) Pb–Pb 
collisions at √sNN = 2.76 TeV for |y| < 0.5. Symbols are displaced for better visibility. The dashed lines are the blast-wave curves used to extract the particle yields integrated 
over the full pT range. In order to take into account the large binning used in the analysis and the limited number of bins, the centre of each bin was evaluated weighting 
the actual bin centre with the blast-wave function. Right: 3

!̄
H to 3

!H ratio as a function of pT. In both panels statistical uncertainties are represented by bars and systematic 
uncertainties are represented by open boxes.

because the proton absorption correction in the ALICE detector was 
measured [25]. The direct measurement offers the advantage of 
having a probability density which takes into account the effective 
material of the detector crossed by a charged particle. The effect 
of using protons instead of neutrons was tested with deuterons, 
which were considered as a bound state of 2 protons and the ab-
sorption correction was evaluated with the same model used for 
3He. The result was compared with the one obtained with the 
absorption correction of GEANT3 patched with hadronic cross sec-
tions for d and d. The two calculated absorption corrections where 
found to be consistent within uncertainties. To take into account 
the small ! separation energy (B!(3

!H) = 0.13 ± 0.05 MeV [26]), 
the absorption cross section of the 3

!H was increased by 50% with 
respect to the one of the 3He. This choice was based on the theo-
retical calculation of 3

!H absorption cross-section [27] on 238U and 
its ratio with the extrapolation of 3He cross section on the same 
target [28]. Using the same extrapolation it was possible to eval-
uate the same ratio on ALICE materials. The correction applied to 
the extracted yield was about 12% for 3

!H and about 22% for 3
!̄

H. 
The total systematic uncertainty takes into account, as lower and 
upper limits of the 3

!H (3
!̄

H) absorption cross section, values re-
spectively equal to or two times higher than the absorption cross 
section of 3He (3He). This uncertainty is pT dependent, and its 
values are reported in Table 1. Other sources of systematic uncer-
tainties in the yield evaluation were estimated:

– The systematic uncertainty due to the single-track efficiency, 
and the different choices of the track quality selections was 
taken from [29]. A 10% uncertainty is quoted for the two body 
decay of 3

!H.

– 3
!H lifetime: since the 3

!H lifetime is not accurately known, the 
influence of varying the 3

!H lifetime on the efficiency was eval-
uated by variation of the proper lifetime of the injected 3

!H
in the Monte Carlo simulation. The associated uncertainty was 
estimated using two additional dedicated Monte Carlo simula-
tions with different lifetimes. The injected lifetime of 3

!H (3
!̄

H) 
was varied (±1σ ) with respect to the result obtained in this 
analysis, leading to an uncertainty of 8.5%.

– The uncertainty related to the signal extraction procedure was 
evaluated by constraining fit parameters (µ and σ ) in different 
ways. This source led to a 9% uncertainty.

The systematic uncertainty due to the uncertainty of the ALICE de-
tector material budget and pT distribution in the Monte Carlo used 
for the efficiency estimation led to a 1% systematic uncertainty.

The 3
!H and 3

!̄
H spectra are shown in Fig. 2 (left panel), mul-

tiplied by the branching ratio (B.R.) of the 3
!H → 3He + π− decay. 

The anti-hypertriton to hypertriton ratio as a function of pT is 
shown in Fig. 2 (right panel). It is consistent with unity over the 
whole considered pT range, as expected from zero net baryon den-
sity at LHC energies. In the ratio, the common systematic uncer-
tainties (tracking efficiency, lifetime, and signal extraction method) 
cancel out and have therefore been removed.

In order to take into account the unmeasured pT region and 
to extract the particle yields integrated over the full pT range, the 
spectra were fitted using a blast-wave function [30] whose param-
eter values were taken from the deuteron analysis [31] leaving the 
normalization free. The function fits the data with a χ2/NDF of 
0.92. The extrapolation in the pT < 2 GeV/c region contributes 28% 
to the final yield for both 3

!H and 3
!̄

H, while the contribution for 

Points and curves displaced 
for visibility

(2) E. Schnedermann, J. Sollfrank, U. Heinz. Phys. Rev. C 48, 2462 (1993)  
(3) ALICE Collaboration, Phys. Rev. C 93 (2016) 024917

• 3H and 3H signal from 2 GeV/c to 10 GeV/c: 

- 0-10% centrality  ⟶ 3 pT bins 
- 10-50% centrality ⟶ unique pT bin (2 ÷ 10 GeV/c)  

• Blast-Wave(2) fit to the spectrum to obtain pT 
integrated production yield (0-10%) 

• Function parameters: 
- βr is the transverse velocity 

- Tfo = kinetic freeze-out temperature  

• Parameters taken from deuteron analysis(3) 
leaving the normalisation free

Λ Λ

Centrality 3H x B.R. x 10-5 3H x B.R. x 10-5

0-10% 3.86 ±0.77(stat.)± 0.68(syst.) 3.47 ±0.81(stat.)± 0.69(syst.)

10-50% 1.31 ±0.37(stat.)± 0.28(syst.) 0.85 ±0.29(stat.)± 0.17(syst.)

ΛΛ
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• STAR (open square) ratios results:  
✓ compatible with one within 

uncertainties  
✓ phase-space population for s quark 

similar to that of light quarks at RHIC 
energies  

• ALICE (filled circle) ratios results:  
✓ lower than STAR but in agreement 

with thermal model predictions
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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

Naive approach recipe
• Λ, p and n close in the phase space at the kinetic freeze-out can form a(n) (anti-)hypertriton 
• Formation probability can be quantified through the coalescence parameter BA 

• BA is expected to be independent from pT and centrality BA =

EA
d3NA

dp3
A

!

Ep
d3Np

dp3
p

"A

(4) ALICE Collaboration Phys. Rev. C 88, (2013) 044910 
(5) ALICE Collaboration Phys. Rev. Lett. 11, (2013) 22301 
(6) 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 [4] and [5] 

• B3 is compared with B2 and B3 obtained in [6] 
- 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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tance × efficiency drops down to 1% for the !n and 10−3 for the 
H-dibaryon). The shape of transverse momentum spectra in heavy-
ion collisions is described well by the blast-wave approach, with 
radial flow parameter ⟨β⟩ and kinetic freeze-out temperature Tkin
as in [46]. The true shape of the pT spectrum is also not known, 
therefore it is estimated from the extrapolation of blast-wave fits 
to deuterons and 3He spectra at the same energy [10]. To obtain 
final efficiencies, the resulting blast-wave distributions constructed 
for the exotic bound states are normalised to unity and convoluted 
with the correction factors (efficiency × acceptance).

Typical values of the final efficiency are of the order of a few 
percent assuming the lifetime of the free !. The uncertainty in the 
shape of the pT distributions is the main source of systematic er-
ror. Blast-wave fits of deuteron and 3He spectra are employed to 
explore the range of systematic uncertainties. Analyses of these 
results lead to a systematic uncertainty in the overall yield of 
around 25%.

Other systematic uncertainties are estimated by varying the 
cuts described in Table 1 and Table 2 within the limits consistent 
with the detector resolution. The contributions of these systematic 
uncertainties are typically found to be in the percent range. The 
combination of the different sources leads to a global systematic 
uncertainty of around 30% for both analyses, when all uncertain-
ties are added in quadrature.

For the !n bound state analysis the possible absorption of the 
anti-deuterons and the bound state itself when crossing material 
has to be taken into account. For this, the same procedure as used 
for the anti-hypertriton analysis [9] is utilised. The absorption cor-
rection ranges from 3 to 40% (depending on the lifetime of the !n
bound state, which determines the amount of material crossed) 
with an overall uncertainty of 7%.

6. Results

No significant signal in the invariant mass distributions has 
been observed for both cases, as visible from Fig. 2 and Fig. 3.3

The shape of the invariant mass distribution of dπ+ is of purely 
kinematic origin, reflecting the momentum distribution of the par-
ticles used. The selection criteria listed in Table 1 are tuned to 
select secondary decays. The secondary anti-deuterons involved 
in the analysis originate mainly from two sources: The first and 
dominating source are daughters from three-body decays of the 
anti-hypertriton (3

!̄
H → d̄p̄π+ and 3

!̄
H → d̄n̄π0) where the other 

decay daughters are not detected. The invariant mass spectrum is 
obtained by combining theses anti-deuterons with pions generated 
in the collision. The second source is due to prompt anti-deuterons 
which are incorrectly labelled as displaced, because they have such 
low momenta that the DCA resolution of these tracks is not suffi-
cient to separate primary from secondary particles.

Since no signal in the invariant mass distributions is observed 
upper limits are estimated. For the estimation of upper limits 
for the rapidity density dN/dy the method discussed in [47] is 
utilised. In particular, we apply the software package TRolke as im-
plemented in ROOT [48]. This method needs as input mass and 
experimental width (3σ ) of the hypothetical bound states. The ob-
served counts are therefore compared to a smooth background 
as given by an exponential fit outside the signal region (as indi-
cated by the line in Fig. 2 and Fig. 3). For both candidates !n
and H-dibaryon we assume a binding energy of 1 MeV. The width 
is determined by the experimental resolution and obtained from 

3 Note that a hypothetical H-dibaryon with a mass above the %p threshold would 
not be observable in the present analysis.

Fig. 4. Upper limit of the rapidity density as function of the decay length shown for 
the !n bound state in the upper panel and for the H-dibaryon in the lower panel. 
Here a branching ratio of 64% was used for the H-dibaryon and a branching ratio of 
54% for the !n bound state. The horizontal (dashed) lines indicate the expectation 
of the thermal model with a temperature of 156 MeV. The vertical line shows the 
lifetime of the free ! baryon. (For interpretation of the references to colour in this 
figure, the reader is referred to the web version of this article.)

Monte Carlo simulations. In addition, the final efficiency which 
is discussed in section 5 is required. Further, values of branch-
ing ratios of the assumed bound states are needed. These depend 
strongly on the binding energy. With a 1 MeV binding energy for 
the !n bound state the branching ratio in the d +π+ decay chan-
nel is expected to be 54% [49]. The branching ratio for a 1 MeV or 
less bound H-dibaryon decaying into !pπ− is predicted to be 64%, 
see [44].

The resulting upper limits, for 99% CL, are shown in Fig. 4 as 
a function of the different lifetimes; for the !n bound state in 
the upper panel and for the H-dibaryon in the lower panel. These 
upper limits include systematic uncertainties. For the !n the ab-
sorption corrections are also considered in the figure, which causes 
the upper limits to be shifted upwards.

The obtained upper limits can now be compared to model 
predictions. The rapidity densities dN/dy from a thermal model 
prediction for a chemical freeze-out temperature of, for example, 
156 MeV, are dN/dy = 4.06 × 10−2 for the !n bound state and 
dN/dy = 6.03 × 10−3 for the H-dibaryon [16]. These values are 
indicated with the (blue) dashed lines in Fig. 4. For the investi-
gated range of lifetimes the upper limit of the !n bound state is 
at least a factor 20 below this prediction. For the H-dibaryon the 
upper limits depend more strongly on the lifetime since it has a 
different decay topology and all four final state tracks have to be 
reconstructed. The upper limit is a factor of 20 below the thermal 
model prediction for the lifetime of the free ! and becomes less 
stringent at higher lifetimes since the detection efficiency becomes 
small. For a lifetime of 10−8 s, corresponding to a decay length of 
3 m, the difference between model and upper limit reduces to a 
factor two.

In order to take the uncertainties in the branching ratio into 
account, we plot in Fig. 5 the products of the upper limit of the 
rapidity density times the branching ratio together with several 
theory predictions [16,30,31,50]. The curves are obtained using the 
value for the !-lifetime of Fig. 4.

The (red) arrows in the figures indicate the branching ratio 
from the theory predictions [44,49]. The obtained upper limits are 
a factor of more than 5 below all theory predictions for a branch-
ing ratio of at least 5% for the !n bound state and at least 20% for 
the H-dibaryon.
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• Search for a bound state of Λn and ΛΛ shows no hint of signal 
➡ upper limit set for different value of decay length 
➡ red line: decay length of free Λ used also for dN/dy calculation (slide 21)


