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Phase diagram of nuclear 
matter
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Quark-Gluon Plasma

Our tool to produce 
the Quark-Gluon 
Plasma (QGP) 
are Heavy-Ion 
Collisions (HIC)
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QGP in laboratory
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Large Hadron Collider (LHC) ~ 27 km circumference 
!
pp collisions at √s = 900 GeV, 2.76 TeV, 7 TeV and 8 TeV 
Pb—Pb collisions at √sNN = 2.76 TeV 
p—Pb collisions at √sNN = 5.02 TeV
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Heavy Ion Collision
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Pb Pb QGP
Chemical  
freezeout 

!
Particle composition  

fixed

Hadron gas

Kinetic 
freezeout 

!
Particle momenta 

fixed
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Centrality in a HIC
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Pb Pb

Central Pb—Pb collision 
high multiplicity = high number of tracks 

(more than 2000 charged tracks in the detector)

Peripheral Pb—Pb collision 
low multiplicity = low number of tracks 

(few tens of charged tracks in the detector)
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Multiplicity in a HIC
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Table of nuclides
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Table of nuclides
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➜  Compared to light particles like π, K and p 
 light nuclei like d, 3He and 4He are rarely  
 produced in heavy-ion collisions, but … 
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Table of nuclides
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➜  … high energy nuclear physics experiments  
 offer the possibility to study also the    
 corresponding anti-nuclei, because at LHC  
 energies they are  equally produced 

| EMMI Physics Days 11.11.2014



Nicole Löher  |  

Hypernuclei
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• Hyperons: Baryons, which have at least one s-quark as 
one of their 3 valence-quarks for example Λ, Σ, Ξ, or Ω 
!

• Hypernuclei: nuclei, in which at least one neutron is 
replaced by a hyperon

p
nΛ

Hypertriton

➜  All hypernuclei are unstable
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Table of nuclides
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Models I
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Thermal model: 
!
Key parameter at LHC energies: 
chemical freeze-out temperature 
Tchem  
!
!
Strong sensitivity of  
abundance of nuclei  
to choice of Tchem due to: 
!

1.  large mass m 
!

2.  exponential dependence  
        of the yield ~ exp(-m/Tchem) 

!
yield determined by Tchem, if  
expansion after Tchem is isotropic  

206 A. Andronic et al. / Physics Letters B 697 (2011) 203–207

Fig. 5. Energy dependence of hypernuclei to Λ yield ratios.

Fig. 6. Energy dependence of predicted hypernuclei yields at midrapidity for 106

central collisions. The predicted yields of 3He and 4He nuclei are included for com-
parison, along with the corresponding anti-nuclei (dashed lines).

though the absolute yields are still rather small. As an example,
for 7

ΛΛΞ He, the rate of production at 106 central Pb + Pb collisions
per second is about 60 per month, for a reasonable duty factor of
the accelerator. Assuming a reconstruction efficiency of the order
of a percent, this implies a few candidates per year of data taking,
clearly at the edge of achievability.

At the LHC, (anti-)4He and their corresponding hypernuclei are
experimentally accessible. For the LHC energy of 2.76 TeV of the
present data taking, we predict ratios 3He/4He and 3He/4He of
2.76 ·10−3 and 2.70 ·10−3, respectively (to be compared to the cor-
responding values for the RHIC energy of 200 GeV of 3.13 · 10−3

and 2.37 · 10−3). These predictions can also be used as guideline

for expectation in pp collisions at LHC energy, where one could
estimate, in the grand-canonical limit, yields reduced by a factor
of the order of 200–400 compared to Pb + Pb collisions. This is
compensated by the much larger number of pp collisions (about
109 events) which can be inspected at LHC (for a running time of
107 s per year of operation). This should allow, at the LHC, a mea-
surement of the yields of produced (anti-)hypernuclei up to mass
number 4 in pp and Pb–Pb collisions and provide a detailed test of
our predictions.

4. Conclusions

We have demonstrated that the yield of light nuclei and their
antiparticles are well reproduced with thermal model calcula-
tions employing parameters established from the analysis of gen-
eral hadron production in relativistic nuclear collisions. As shown
above, such ratios can be used to provide a precision constraint of
the baryo-chemical potential µb . We have furthermore shown that
the newly measured yield ratio 3

Λ̄
H̄/ 3

ΛH is also well described with

the thermal approach, while the ratio 3
ΛH/3He which is reproduced

at AGS energy is significantly underpredicted at RHIC energy. The
origin of this discrepancy is currently not clear and needs further
study.

Our studies have also indicated interesting energy dependence
in such yields and ratios. In particular, particles with large baryon
number and moderate strangeness are produced in significant
numbers at FAIR energy.

The hyper-nuclei program, started by the STAR experiment at
RHIC, has made these studies very topical. Although significant
questions remain, it is clear that the study of the production of
complex nuclei with and without strangeness in relativistic nu-
clear collisions can open a new chapter in the quest to understand
the relation of particle production to the QCD phase boundary. The
thermal model predictions can hopefully soon be tested also at the
LHC energy with the data already collected in 2010.
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[11] F. Becattini, M. Gaździcki, J. Manninen, Phys. Rev. C 73 (2006) 044905,

arXiv:hep-ph/0511092.
[12] A. Andronic, P. Braun-Munzinger, J. Stachel, Nucl. Phys. A 772 (2006) 167,

arXiv:nucl-th/0511071.
[13] A. Andronic, P. Braun-Munzinger, J. Stachel, Phys. Lett. B 673 (2009) 142,

arXiv:0812.1186;
A. Andronic, P. Braun-Munzinger, J. Stachel, Phys. Lett. B 678 (2009) 516 (Erra-
tum).

[14] A. Andronic, P. Braun-Munzinger, J. Stachel, Acta Phys. Pol. 40 (2009) 1005,
arXiv:0901.2909.

[15] J. Manninen, F. Becattini, Phys. Rev. C 78 (2008) 054901, arXiv:0806.4100.
[16] J. Letessier, J. Rafelski, Eur. Phys. J. A 35 (2008) 221, arXiv:nucl-th/0504028.
[17] P. Braun-Munzinger, K. Redlich, J. Stachel, Invited review, in: R.C. Hwa, X.N.

Wang (Eds.), Quark Gluon Plasma, vol. 3, World Scientific Publishing, 2004,
arXiv:nucl-th/0304013.

A. Andronic, P. Braun-Munzinger, J. Stachel, and H. Stoecker,  

Phys. Lett. B697, 203 (2011), 1010.2995 

| EMMI Physics Days 11.11.2014



Nicole Löher  |  

Models II
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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, "

Coalescence model: 
!
Nuclei are formed by protons  
and neutrons which  
are nearby and have  
similar velocities  
(after kinetic freeze-out) 
!
Nuclei produced  
at chemical freeze-out  
➜ can break apart  
➜ created again by  
➜ final-state coalescence J. I. Kapusta, Phys.Rev. C21, 1301 (1980)
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Analysis strategy

TPC

TOF

ITS
T0, V0

primary and  
secondary vertex  

separation

PID
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Particle identification
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Low momenta:  
Nuclei are identified using  
the dE/dx measurement in the  
Time Projection Chamber
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Sig + Bkg

ALI−PREL−69384

Higher momenta:  
Velocity measurement with the  
Time of Flight detector is 
used to calculate the m2 distribution 
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Primaries vs. Secondaries
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0.45 GeV/c < p  < 0.55 GeV/c 
T

deuteron d

Pb-Pb�S =2.76 TeVNN

➜ 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. the beam pipe) 
➜ Knock-out significant problem at low pT, but only for  
 nuclei not for anti-nuclei
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Efficiency correction

17

The measured raw 
yields have to be 

corrected for 
efficiency and 
acceptance.
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Blast-Wave model
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A Blast-wave function 
is a parameterized 
description of 
hydrodynamic flow. 
!
It can be used to 
describe the shape 
of transverse 
momentum pT spectra 
in heavy-ion collisions. 

Works quite well, since the blast-wave describes the  
thermal part and the radial flow visible in pT spectra
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Nuclei and hypernuclei 
measurements

p n

Deuteron

4He

p
nΛ

Hypertriton

p
np

3He

pnp n
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Deuterons and 3He in Pb-Pb
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ALI-PREL-77669

➜ Spectra are fitted with blast-wave functions 
    in different centrality bins and show radial flow

p n

p
np
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Nuclei in Pb-Pb

A
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 = 2.76 TeV, 0-20% centralityNNsPb-Pb, 

 0.2± fit, B = -5.8 BxKe

21

p n

p
np

p n
p n

p Nuclei yields 
measured down 

to 4He 
!

Penalty factor 
~330 for each 

additional 
nucleon
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Deuterons in p-Pb
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➜ Spectra become harder  
    with increasing multiplicity
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Deuteron to proton ratio
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ALICE preliminary
 = 7 TeVNNsALICE, pp, 

 = 5.02 TeVNNsALICE, p-Pb, 

V0A Multiplicity Classes (Pb-side)

 = 2.76 TeVNNsALICE, Pb-Pb, 

ALI−PREL−69341

Rise with  
multiplicity 

!
No further  
increase in 

Pb-Pb collisions  
within errors
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Hypertriton
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��������	�

�

��

���

!
Identification of light nuclei 
which are daughter tracks 
originating from decay vertices 
!
Lifetime similar to lifetime of free Λ  
!
m(Hypertriton) = 2.991 ± 0.002 GeV/c2 

!
investigated decay channel: 
Hypertriton → 3He + π - p

nΛ
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Hypertriton
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m(Hypertriton) = 2.991 ± 0.002 GeV/c2 

!
investigated decay channel: 
Hypertriton → 3He + π - 

p
nΛ
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Hypertriton
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A. Andronic et al. Thermal Model 
T=156 MeV
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 - Stat.ErrorB.R. x y/dNd

 - Syst.ErrorB.R. x y/dNd Centrality 0-10%
 = 2.76 TeVNNsPb-Pb 

/He+3 AH R
3 

ALICE Preliminary
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dN/dy in good  
agreement with 
thermal model 
prediction from  
Andronic et al.  

for T = 156 MeV

p
nΛ
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dN/dy comparison
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μB = 0
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Searches 
for weakly decaying  
exotic bound states

ΛnΛΛ
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Exotica - Introduction
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H-dibaryon: 
First predicted by Jaffe in a bag model calculation  
(Jaffe, PRL 38, 617 (1977)) 
!
Recent lattice calculations suggest bound state or a resonance 
close to the Ξp threshold 

!
Λn bound state: 
!

! p
nΛ

Λ
n ✔p

n ✔ ?

ΛΛ
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H-dibaryon
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Λ Λ

NH0 = 1.38   
• 107 • 0.0385 • 0.64 • 3.1  

• 10-3 • 2 ≈ 2110｝｝ ｝ ｝ ｝
events eff. BR(Λ) dN/dy dy ⤵

BR(H-dibaryon)

Expected H-dibaryons (H ➞ Λpπ-): 
!
!
!
!
!
strongly bound H: 2110 • 0.1 = 211  lightly bound H: 2110 • 0.64 = 1350 
!
!
!
!
!
!
!
!
!
!
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H-dibaryon
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Λ Λ

NH0 = 1.38   
• 107 • 0.0385 • 0.64 • 3.1  

• 10-3 • 2 ≈ 2110｝｝ ｝ ｝ ｝
events eff. BR(Λ) dN/dy dy ⤵

BR(H-dibaryon)

No signal visible 

Expected H-dibaryons (H ➞ Λpπ-): 
!
!
!
!
!
strongly bound H: 2110 • 0.1 = 211  lightly bound H: 2110 • 0.64 = 1350 
!
!
!
From the non-observation we 
obtain as upper limits: 
!
For a strongly bound (20 MeV) H: 
➜ dN/dy ≤ 8.4 • 10-4 (99% CL) 
!
For a lightly bound (1 MeV) H: 
➜ dN/dy ≤ 2 •  10-4 (99% CL)
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Expected Λn bound states (Λn → dπ+): 
!
!
!
!
!

Λn bound state

32

Λ̅ n̅

NΛn = 1.38   
• 107 • 0.0255 • 0.35 • 1.6   

• 10-2 • 2 ≈ 4000｝｝ ｝ ｝ ｝
events eff. BR dN/dy dy
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!
!
!
!
!
!
!
!
!
!
From the non-observation we 
obtain as upper limit: 
!
➜ dN/dy ≤ 1.5 • 10-3 (99% CL) 
!
!
!
!
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Λn bound state

33

Λ̅ n̅Expected Λn bound states (Λn → dπ+): 
!
!
!
!
!

NΛn = 1.38   
• 107 • 0.0255 • 0.35 • 1.6   

• 10-2 • 2 ≈ 4000｝｝ ｝ ｝ ｝
events eff. BR dN/dy dy

No signal visible 
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Comparison to models

34

The Λn bound state and 
the H-dibaryon are not 
observed 
!
!
Different model 
predictions are of the 
same order 
!
!
Upper limits for the 
two particles are set, 
at least a factor 10  
below model predictions 
!

➜  Existence of these particles with the assumed properties   
 (BR, mass, lifetime) is questionable

| EMMI Physics Days 11.11.2014
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Conclusion I
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The increase of the d/p-ratio 
with charged particle 
multiplicity is qualitatively 
consistent with the 
coalescence picture. 
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Conclusion II
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Loosely bound 
hypertriton is observed 
!
!
Absolute yields (dN/dy) of 
light nuclei and 
hypertriton production in 
Pb-Pb collisions is in  
good agreement with  
thermal model calculation 
!
!
Thermal model predictions 
using the temperature 
which fits the measured 
nuclei and hypertriton 
yields are above obtained 
exotica limits

➜  Data provide no support for existence of  
 Λn and H-dibaryon

| EMMI Physics Days 11.11.2014
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Centrality in a HIC
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VZERO detectors: Two scintillation hodoscopes, which are placed on 
       either side of the interaction point
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Rapidity definition in p-Pb
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Asymmetric energy/nucleon in the two beams 
 ➜ cms moves with rapidity ycms = -0.465

A-side C-side

ycms,NN = -0.465

p Pb
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multiplicity classes in p-Pb
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Definition of seven multiplicity classes: 
➜ slices in VZERO-A (V0A) amplitude

Correlation between impact 
parameter and multiplicity is 
not as straight-forward  
as in Pb-Pb
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Absorption correction
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Anti-nuclei:  
Additional correction for absorption
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Secondary correction
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Nuclei:  
Additional correction for secondaries
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Nuclei vs. Anti-Nuclei
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➜ Due to the non-existing knock-out, the search for  
 anti-nuclei is often easier than the search for the 
 corresponding nuclei 
➜ But efficiency corrections easier for nuclei, because of the 
 unknown anti-nuclei absorption
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Coalescence parameter B2
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B2 =
    d3Np 2

   dpp3(      )Ep 

    d3Nd

   dpd3
Ed First order prediction of coalescence model: 

B2 independent of pT 
 ➜  Observed in p-Pb and peripheral Pb-Pb
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Coalescence parameter B2
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p
n

In second order: B2 scales like the HBT radii 
 ➜  Decrease with centrality in Pb-Pb is   
  understood as an increase in the    
  source volumeB2 =

2mTR2(mT)R||(mT)

3π3/2 ⟨Cd⟩

⊥

R. Scheibl and U. Heinz, Phys.Rev. C59, 1585 (1999)
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Coalescence parameter B2
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p
n

In second order: B2 scales like the HBT radii 
 ➜  pT-slope which develops in central  
  Pb-Pb reflects the kT-dependence of  
  the homogeneity volume in HBTB2 =

2mTR2(mT)R||(mT)

3π3/2 ⟨Cd⟩

⊥

R. Scheibl and U. Heinz, Phys.Rev. C59, 1585 (1999)
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Efficiencies exotica
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Branching ratios exotica
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Jürgen Schaffner-Bielich, private communication Jürgen Schaffner-Bielich et al., PRL 84, 4305 (2000)
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Blast-Wave exotica
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pT-shape of the Λn bound state and the H-dibaryon 
estimated from the extrapolation of Blast-Wave fits for π,K,p  
!
!
Normalized to unity and 
convoluted with 
Acceptance x Efficiency 
to get a weighted 
Efficiency 
!
!
Unknown pT-shape is the 
main source of uncertainty: 
Therefore used different  
functions for the systematics 
(limiting cases: Blast-Wave of deuteron and 3He)
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Lifetime dependence 
exotica
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Lifetime (s) Decay length (cm) Efficiency

3.95 0.0531 0.00061

7.89 0.0385 0.0084

15.8 0.0308 0.0011

42 0.0154 0.0017

Lifetime (s) Decay length (cm) Efficiency

3.95 0.0220 0.001708

7.89 0.0255 0.001474

15.8 0.0320 0.001174

42 0.0440 0.000854

Λ Λ

Λ̅ n̅

1.3 • 10-10 

2.63 • 10-10 

5.2 • 10-10 

1.4 • 10-9 

1.3 • 10-10 

2.63 • 10-10 

5.2 • 10-10 

1.4 • 10-9 

N/dy

Upper limit dN/dy  
99% CL

Upper limit dN/dy  
99% CL


