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• Excellent tracking and particle 
identification (PID) capabilities 

A Large Ion Collider Experiment

3

Inner Tracking System (ITS)

Tracking, vertex

Time Projection Chamber (TPC)
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Time Of Flight detector (TOF)

PID (TOF measurement)

Transition Radiation Detector (TRD)

Int.J.Mod.Phys.A 29 (2014) 1430044
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LHC - antimatter factory
• High precision measurement of different (anti)nuclei spectra
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ALICE, JHEP 01 (2022) 106

Eur.Phys.J.C 83 (2023) 9, 804
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(Anti)nuclei production mechanism
• Coalescence Model


- Nuclei are formed by nucleons coalescing 
after freeze-out


- Depends on phase-space of produced 
nucleons (momentum, distance) and nucleus 
Wigner function
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Rapidity dependence
• Antideuteron yields usually 

measured at |y| < 0.5 

- At rapidities lower than ~5 GV and 

larger than ~100 GV, most of the 
antideuteron flux is produced at 
rigidities larger than 0.5


- Assumption based on event 
generators: coalescence 
parameter is independent on 
rapidity
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• Antideuteron yields usually 
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• ALICE extended the measurement 
range of antideuterons to  |y| < 0.7
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Results
• Momentum estimated at the inelastic interaction point

• Inelastic antihelium-3 cross section on average target material

• At low momentum, rather good agreement between data and Geant4 prediction observed

• At higher momentum, data are systematically ~20% lower than Geant4 parametrisation
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ALICE, Nature Phys. 19 (2023) 1, 61-71
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method). The ratio of 3He with TOF information to all the 3He candi-
dates is considered as an experimental observable. Figure 1d shows 
the momentum-dependent ratio of 3He with a reconstructed TOF hit 
to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
shows the extraction of σinel(3

He) and its related uncertainties for one 
rigidity interval following the same procedure as the one used in the 
first method.

The final results are shown in Fig. 2. Figure 2 (left) shows the 
σinel(3

He) results from the pp data analysis with the yellow boxes repre-
senting the ±1σ uncertainty intervals. In Fig. 2 (right), the histogram 
with the magenta error boxes shows σinel(3

He) extracted from the Pb–Pb 
data analysis. The results are shown as a function of momentum p at 
which the inelastic interaction occurs. Due to continuous energy loss 
inside the detector material, this momentum is lower than pprimary recon-
structed at the primary vertex (Methods). The antibaryon-to-baryon 
ratio method is applied in the pp data analysis, enabling the measure-
ment of σinel(3

He) down to a low momentum. The copious background 
makes this method inapplicable in Pb–Pb collisions below p = 1.5 GeV c–1 
(Methods). The TOF-to-TPC method is unavailable in this momentum 
range since 3He nuclei do not reach the TOF due to the large energy 
loss and bending within the magnetic field. On the other hand, for 
momentum values larger than p = 1.5 GeV c–1, the yield of produced 3He 
is substantially larger in Pb–Pb collisions, thus leading to higher statisti-
cal precision for this colliding system using the TOF-to-TPC method. 
The evaluation of systematic uncertainties is described in Methods. 
These two independent analysis methods, therefore, provide access 
to slightly different momentum ranges and to different 〈A〉 values and 
deliver consistent results in the common momentum region.

The cross section used by Geant4 for the average mass number 
〈A〉 of the material is shown by the dashed lines in Fig. 2. It is obtained 
from a Glauber model parameterization54 of the collisions of 3He with 
the target nuclei in which the antinucleon–nucleon cross-section value 
is taken from the measured pp collisions56. Agreement with the experi-
mental σinel(3

He) value is observed within two standard deviations in 
the studied momentum range.

Propagation of antinuclei in the interstellar 
medium
To estimate the transparency of our Galaxy to 3He nuclei, we consider 
two examples of 3He production sources. Results from another work57 
are used as the input for the production cross section of 3He  from 

cosmic-ray collisions with the interstellar medium. As a DM source of 
3

He, we consider weakly interacting massive particle candidates with 
a mass of 100 GeV c–2 annihilating into W+W− pairs followed by hadroni-
zation into (anti)nuclei29. In both cases, the yields of produced 3He are 
determined by employing the coalescence model that builds antinuclei 
from antineutrons and antiprotons that are close-by in the phase 
space12,41,42. More details about the cosmic-ray and DM sources are 
discussed in Methods. Additional 3He  sources such as supernovae 
remnants58, antistars23,24 and primordial black holes59–61 have not been 
included in this work.

We consider the DM density distribution in our Galaxy according 
to the Navarro–Frenk–White profile62 (Fig. 3, top), where a schematic 
of the 3He production from cosmic-ray interaction with the interstellar 
gas or DM annihilations is also shown.

The propagation of charged particles within galaxies is driven by 
magnetic fields. The propagation is commonly described by a transport 
equation that includes the following terms: (1) a source function; (2) 
diffusion; (3) convection; (4) momentum variations due to Coulomb 
scattering, diffusion and ionization processes; (5) fragmentation, 
decays and inelastic interactions. This equation, discussed in more 
detail in Methods, can be numerically solved by employing several 
propagation models63–66. In this work, the publicly available GALPROP 
code66 is employed. In the context of this calculation, our Galaxy is 
approximated by a cylindrical disk filled with an interstellar gas com-
posed of hydrogen (~90%) and 4He (~10%) with an average hydrogen 
number density of ~1 atom cm–3 (ref. 67). The gas distribution within our 
Galaxy is constrained by several astronomical spectroscopy measure-
ments68–71. GALPROP provides the propagation of particles up to the 
boundaries of the Solar System. To estimate the particle flux inside the 
Solar System, the effect of the solar magnetic field must be taken into 
account. This can be achieved by employing the force-field approxima-
tion or dedicated models like HelMod72,73. The whole propagation chain 
is benchmarked using several species of cosmic rays, including protons 
and light nuclei (up to Z = 28)46. The cosmic-ray injection spectra and 
the propagation parameters are tuned to match the measurements of 
protons and light nuclei both outside74 and within75–77 the Solar System.

After their production, the 3He nuclei need to travel a distance of 
several kiloparsecs to reach Earth46,62. During this passage, they might 
encounter protons or 4He nuclei in interstellar gas and inelastically 
interact. Non-destructive inelastic processes can occur and cause a 
substantial energy loss that results in a so-called tertiary 3He source 
peaked at low kinetic energies. Such a tertiary source component, 
however, only contributes a few percent of the total flux30,31. We neglect 
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Fig. 2 | Results for σinel(3
He) as a function of 3He momentum. Results obtained 

from pp collisions at √s = 13 TeV (left); results from the 10% most central Pb–Pb 
collisions at 

√

s

NN

 = 5.02 TeV (right). The curves represent the Geant4 cross 
sections corresponding to the effective material probed by the different 

analyses. The arrow on the left plot shows the 95% confidence limit on σinel(3
He) 

for 〈A〉 = 17.4. The different values of 〈A〉 correspond to the three different 
effective targets (see the main text for details). All the indicated uncertainties 
represent standard deviations.
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to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
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tion or dedicated models like HelMod72,73. The whole propagation chain 
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method). The ratio of 3He with TOF information to all the 3He candi-
dates is considered as an experimental observable. Figure 1d shows 
the momentum-dependent ratio of 3He with a reconstructed TOF hit 
to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
shows the extraction of σinel(3

He) and its related uncertainties for one 
rigidity interval following the same procedure as the one used in the 
first method.

The final results are shown in Fig. 2. Figure 2 (left) shows the 
σinel(3

He) results from the pp data analysis with the yellow boxes repre-
senting the ±1σ uncertainty intervals. In Fig. 2 (right), the histogram 
with the magenta error boxes shows σinel(3

He) extracted from the Pb–Pb 
data analysis. The results are shown as a function of momentum p at 
which the inelastic interaction occurs. Due to continuous energy loss 
inside the detector material, this momentum is lower than pprimary recon-
structed at the primary vertex (Methods). The antibaryon-to-baryon 
ratio method is applied in the pp data analysis, enabling the measure-
ment of σinel(3

He) down to a low momentum. The copious background 
makes this method inapplicable in Pb–Pb collisions below p = 1.5 GeV c–1 
(Methods). The TOF-to-TPC method is unavailable in this momentum 
range since 3He nuclei do not reach the TOF due to the large energy 
loss and bending within the magnetic field. On the other hand, for 
momentum values larger than p = 1.5 GeV c–1, the yield of produced 3He 
is substantially larger in Pb–Pb collisions, thus leading to higher statisti-
cal precision for this colliding system using the TOF-to-TPC method. 
The evaluation of systematic uncertainties is described in Methods. 
These two independent analysis methods, therefore, provide access 
to slightly different momentum ranges and to different 〈A〉 values and 
deliver consistent results in the common momentum region.

The cross section used by Geant4 for the average mass number 
〈A〉 of the material is shown by the dashed lines in Fig. 2. It is obtained 
from a Glauber model parameterization54 of the collisions of 3He with 
the target nuclei in which the antinucleon–nucleon cross-section value 
is taken from the measured pp collisions56. Agreement with the experi-
mental σinel(3

He) value is observed within two standard deviations in 
the studied momentum range.

Propagation of antinuclei in the interstellar 
medium
To estimate the transparency of our Galaxy to 3He nuclei, we consider 
two examples of 3He production sources. Results from another work57 
are used as the input for the production cross section of 3He  from 

cosmic-ray collisions with the interstellar medium. As a DM source of 
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He, we consider weakly interacting massive particle candidates with 
a mass of 100 GeV c–2 annihilating into W+W− pairs followed by hadroni-
zation into (anti)nuclei29. In both cases, the yields of produced 3He are 
determined by employing the coalescence model that builds antinuclei 
from antineutrons and antiprotons that are close-by in the phase 
space12,41,42. More details about the cosmic-ray and DM sources are 
discussed in Methods. Additional 3He  sources such as supernovae 
remnants58, antistars23,24 and primordial black holes59–61 have not been 
included in this work.

We consider the DM density distribution in our Galaxy according 
to the Navarro–Frenk–White profile62 (Fig. 3, top), where a schematic 
of the 3He production from cosmic-ray interaction with the interstellar 
gas or DM annihilations is also shown.

The propagation of charged particles within galaxies is driven by 
magnetic fields. The propagation is commonly described by a transport 
equation that includes the following terms: (1) a source function; (2) 
diffusion; (3) convection; (4) momentum variations due to Coulomb 
scattering, diffusion and ionization processes; (5) fragmentation, 
decays and inelastic interactions. This equation, discussed in more 
detail in Methods, can be numerically solved by employing several 
propagation models63–66. In this work, the publicly available GALPROP 
code66 is employed. In the context of this calculation, our Galaxy is 
approximated by a cylindrical disk filled with an interstellar gas com-
posed of hydrogen (~90%) and 4He (~10%) with an average hydrogen 
number density of ~1 atom cm–3 (ref. 67). The gas distribution within our 
Galaxy is constrained by several astronomical spectroscopy measure-
ments68–71. GALPROP provides the propagation of particles up to the 
boundaries of the Solar System. To estimate the particle flux inside the 
Solar System, the effect of the solar magnetic field must be taken into 
account. This can be achieved by employing the force-field approxima-
tion or dedicated models like HelMod72,73. The whole propagation chain 
is benchmarked using several species of cosmic rays, including protons 
and light nuclei (up to Z = 28)46. The cosmic-ray injection spectra and 
the propagation parameters are tuned to match the measurements of 
protons and light nuclei both outside74 and within75–77 the Solar System.

After their production, the 3He nuclei need to travel a distance of 
several kiloparsecs to reach Earth46,62. During this passage, they might 
encounter protons or 4He nuclei in interstellar gas and inelastically 
interact. Non-destructive inelastic processes can occur and cause a 
substantial energy loss that results in a so-called tertiary 3He source 
peaked at low kinetic energies. Such a tertiary source component, 
however, only contributes a few percent of the total flux30,31. We neglect 
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He) as a function of 3He momentum. Results obtained 

from pp collisions at √s = 13 TeV (left); results from the 10% most central Pb–Pb 
collisions at 

√

s

NN

 = 5.02 TeV (right). The curves represent the Geant4 cross 
sections corresponding to the effective material probed by the different 

analyses. The arrow on the left plot shows the 95% confidence limit on σinel(3
He) 

for 〈A〉 = 17.4. The different values of 〈A〉 correspond to the three different 
effective targets (see the main text for details). All the indicated uncertainties 
represent standard deviations.
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Results
• Momentum estimated at the inelastic interaction point

• Inelastic antihelium-3 cross section on average target material

• At low momentum, rather good agreement between data and Geant4 prediction observed

• At higher momentum, data are systematically ~20% lower than Geant4 parametrisation
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method). The ratio of 3He with TOF information to all the 3He candi-
dates is considered as an experimental observable. Figure 1d shows 
the momentum-dependent ratio of 3He with a reconstructed TOF hit 
to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
shows the extraction of σinel(3

He) and its related uncertainties for one 
rigidity interval following the same procedure as the one used in the 
first method.

The final results are shown in Fig. 2. Figure 2 (left) shows the 
σinel(3

He) results from the pp data analysis with the yellow boxes repre-
senting the ±1σ uncertainty intervals. In Fig. 2 (right), the histogram 
with the magenta error boxes shows σinel(3

He) extracted from the Pb–Pb 
data analysis. The results are shown as a function of momentum p at 
which the inelastic interaction occurs. Due to continuous energy loss 
inside the detector material, this momentum is lower than pprimary recon-
structed at the primary vertex (Methods). The antibaryon-to-baryon 
ratio method is applied in the pp data analysis, enabling the measure-
ment of σinel(3

He) down to a low momentum. The copious background 
makes this method inapplicable in Pb–Pb collisions below p = 1.5 GeV c–1 
(Methods). The TOF-to-TPC method is unavailable in this momentum 
range since 3He nuclei do not reach the TOF due to the large energy 
loss and bending within the magnetic field. On the other hand, for 
momentum values larger than p = 1.5 GeV c–1, the yield of produced 3He 
is substantially larger in Pb–Pb collisions, thus leading to higher statisti-
cal precision for this colliding system using the TOF-to-TPC method. 
The evaluation of systematic uncertainties is described in Methods. 
These two independent analysis methods, therefore, provide access 
to slightly different momentum ranges and to different 〈A〉 values and 
deliver consistent results in the common momentum region.

The cross section used by Geant4 for the average mass number 
〈A〉 of the material is shown by the dashed lines in Fig. 2. It is obtained 
from a Glauber model parameterization54 of the collisions of 3He with 
the target nuclei in which the antinucleon–nucleon cross-section value 
is taken from the measured pp collisions56. Agreement with the experi-
mental σinel(3

He) value is observed within two standard deviations in 
the studied momentum range.

Propagation of antinuclei in the interstellar 
medium
To estimate the transparency of our Galaxy to 3He nuclei, we consider 
two examples of 3He production sources. Results from another work57 
are used as the input for the production cross section of 3He  from 

cosmic-ray collisions with the interstellar medium. As a DM source of 
3

He, we consider weakly interacting massive particle candidates with 
a mass of 100 GeV c–2 annihilating into W+W− pairs followed by hadroni-
zation into (anti)nuclei29. In both cases, the yields of produced 3He are 
determined by employing the coalescence model that builds antinuclei 
from antineutrons and antiprotons that are close-by in the phase 
space12,41,42. More details about the cosmic-ray and DM sources are 
discussed in Methods. Additional 3He  sources such as supernovae 
remnants58, antistars23,24 and primordial black holes59–61 have not been 
included in this work.

We consider the DM density distribution in our Galaxy according 
to the Navarro–Frenk–White profile62 (Fig. 3, top), where a schematic 
of the 3He production from cosmic-ray interaction with the interstellar 
gas or DM annihilations is also shown.

The propagation of charged particles within galaxies is driven by 
magnetic fields. The propagation is commonly described by a transport 
equation that includes the following terms: (1) a source function; (2) 
diffusion; (3) convection; (4) momentum variations due to Coulomb 
scattering, diffusion and ionization processes; (5) fragmentation, 
decays and inelastic interactions. This equation, discussed in more 
detail in Methods, can be numerically solved by employing several 
propagation models63–66. In this work, the publicly available GALPROP 
code66 is employed. In the context of this calculation, our Galaxy is 
approximated by a cylindrical disk filled with an interstellar gas com-
posed of hydrogen (~90%) and 4He (~10%) with an average hydrogen 
number density of ~1 atom cm–3 (ref. 67). The gas distribution within our 
Galaxy is constrained by several astronomical spectroscopy measure-
ments68–71. GALPROP provides the propagation of particles up to the 
boundaries of the Solar System. To estimate the particle flux inside the 
Solar System, the effect of the solar magnetic field must be taken into 
account. This can be achieved by employing the force-field approxima-
tion or dedicated models like HelMod72,73. The whole propagation chain 
is benchmarked using several species of cosmic rays, including protons 
and light nuclei (up to Z = 28)46. The cosmic-ray injection spectra and 
the propagation parameters are tuned to match the measurements of 
protons and light nuclei both outside74 and within75–77 the Solar System.

After their production, the 3He nuclei need to travel a distance of 
several kiloparsecs to reach Earth46,62. During this passage, they might 
encounter protons or 4He nuclei in interstellar gas and inelastically 
interact. Non-destructive inelastic processes can occur and cause a 
substantial energy loss that results in a so-called tertiary 3He source 
peaked at low kinetic energies. Such a tertiary source component, 
however, only contributes a few percent of the total flux30,31. We neglect 
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Fig. 2 | Results for σinel(3
He) as a function of 3He momentum. Results obtained 

from pp collisions at √s = 13 TeV (left); results from the 10% most central Pb–Pb 
collisions at 

√

s

NN

 = 5.02 TeV (right). The curves represent the Geant4 cross 
sections corresponding to the effective material probed by the different 

analyses. The arrow on the left plot shows the 95% confidence limit on σinel(3
He) 

for 〈A〉 = 17.4. The different values of 〈A〉 correspond to the three different 
effective targets (see the main text for details). All the indicated uncertainties 
represent standard deviations.
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method). The ratio of 3He with TOF information to all the 3He candi-
dates is considered as an experimental observable. Figure 1d shows 
the momentum-dependent ratio of 3He with a reconstructed TOF hit 
to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
shows the extraction of σinel(3

He) and its related uncertainties for one 
rigidity interval following the same procedure as the one used in the 
first method.

The final results are shown in Fig. 2. Figure 2 (left) shows the 
σinel(3

He) results from the pp data analysis with the yellow boxes repre-
senting the ±1σ uncertainty intervals. In Fig. 2 (right), the histogram 
with the magenta error boxes shows σinel(3

He) extracted from the Pb–Pb 
data analysis. The results are shown as a function of momentum p at 
which the inelastic interaction occurs. Due to continuous energy loss 
inside the detector material, this momentum is lower than pprimary recon-
structed at the primary vertex (Methods). The antibaryon-to-baryon 
ratio method is applied in the pp data analysis, enabling the measure-
ment of σinel(3

He) down to a low momentum. The copious background 
makes this method inapplicable in Pb–Pb collisions below p = 1.5 GeV c–1 
(Methods). The TOF-to-TPC method is unavailable in this momentum 
range since 3He nuclei do not reach the TOF due to the large energy 
loss and bending within the magnetic field. On the other hand, for 
momentum values larger than p = 1.5 GeV c–1, the yield of produced 3He 
is substantially larger in Pb–Pb collisions, thus leading to higher statisti-
cal precision for this colliding system using the TOF-to-TPC method. 
The evaluation of systematic uncertainties is described in Methods. 
These two independent analysis methods, therefore, provide access 
to slightly different momentum ranges and to different 〈A〉 values and 
deliver consistent results in the common momentum region.

The cross section used by Geant4 for the average mass number 
〈A〉 of the material is shown by the dashed lines in Fig. 2. It is obtained 
from a Glauber model parameterization54 of the collisions of 3He with 
the target nuclei in which the antinucleon–nucleon cross-section value 
is taken from the measured pp collisions56. Agreement with the experi-
mental σinel(3

He) value is observed within two standard deviations in 
the studied momentum range.

Propagation of antinuclei in the interstellar 
medium
To estimate the transparency of our Galaxy to 3He nuclei, we consider 
two examples of 3He production sources. Results from another work57 
are used as the input for the production cross section of 3He  from 

cosmic-ray collisions with the interstellar medium. As a DM source of 
3

He, we consider weakly interacting massive particle candidates with 
a mass of 100 GeV c–2 annihilating into W+W− pairs followed by hadroni-
zation into (anti)nuclei29. In both cases, the yields of produced 3He are 
determined by employing the coalescence model that builds antinuclei 
from antineutrons and antiprotons that are close-by in the phase 
space12,41,42. More details about the cosmic-ray and DM sources are 
discussed in Methods. Additional 3He  sources such as supernovae 
remnants58, antistars23,24 and primordial black holes59–61 have not been 
included in this work.

We consider the DM density distribution in our Galaxy according 
to the Navarro–Frenk–White profile62 (Fig. 3, top), where a schematic 
of the 3He production from cosmic-ray interaction with the interstellar 
gas or DM annihilations is also shown.

The propagation of charged particles within galaxies is driven by 
magnetic fields. The propagation is commonly described by a transport 
equation that includes the following terms: (1) a source function; (2) 
diffusion; (3) convection; (4) momentum variations due to Coulomb 
scattering, diffusion and ionization processes; (5) fragmentation, 
decays and inelastic interactions. This equation, discussed in more 
detail in Methods, can be numerically solved by employing several 
propagation models63–66. In this work, the publicly available GALPROP 
code66 is employed. In the context of this calculation, our Galaxy is 
approximated by a cylindrical disk filled with an interstellar gas com-
posed of hydrogen (~90%) and 4He (~10%) with an average hydrogen 
number density of ~1 atom cm–3 (ref. 67). The gas distribution within our 
Galaxy is constrained by several astronomical spectroscopy measure-
ments68–71. GALPROP provides the propagation of particles up to the 
boundaries of the Solar System. To estimate the particle flux inside the 
Solar System, the effect of the solar magnetic field must be taken into 
account. This can be achieved by employing the force-field approxima-
tion or dedicated models like HelMod72,73. The whole propagation chain 
is benchmarked using several species of cosmic rays, including protons 
and light nuclei (up to Z = 28)46. The cosmic-ray injection spectra and 
the propagation parameters are tuned to match the measurements of 
protons and light nuclei both outside74 and within75–77 the Solar System.

After their production, the 3He nuclei need to travel a distance of 
several kiloparsecs to reach Earth46,62. During this passage, they might 
encounter protons or 4He nuclei in interstellar gas and inelastically 
interact. Non-destructive inelastic processes can occur and cause a 
substantial energy loss that results in a so-called tertiary 3He source 
peaked at low kinetic energies. Such a tertiary source component, 
however, only contributes a few percent of the total flux30,31. We neglect 
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Fig. 2 | Results for σinel(3
He) as a function of 3He momentum. Results obtained 

from pp collisions at √s = 13 TeV (left); results from the 10% most central Pb–Pb 
collisions at 

√

s

NN

 = 5.02 TeV (right). The curves represent the Geant4 cross 
sections corresponding to the effective material probed by the different 

analyses. The arrow on the left plot shows the 95% confidence limit on σinel(3
He) 

for 〈A〉 = 17.4. The different values of 〈A〉 correspond to the three different 
effective targets (see the main text for details). All the indicated uncertainties 
represent standard deviations.
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Solar modulated antihelium flux
• Coalescence model validated with ALICE 

antideuteron and antihelium-3 data

• Uncertainties shown only from ALICE 

measurement, small compared to other 
uncertainties in the field


• Disappearance effect strongly depends on 
the cosmic ray flux shape


• Large transparency to both signal and 
background components

ALICE, Nature Phys. 19 (2023) 1, 61-71
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Solar modulated antihelium flux

ALICE measurement of antihelium-3 
inelastic cross sections can be used in all 
future studies of antihelium-3 cosmic rays!

• Coalescence model validated with ALICE 
antideuteron and antihelium-3 data


• Uncertainties shown only from ALICE 
measurement, small compared to other 
uncertainties in the field


• Disappearance effect strongly depends on 
the cosmic ray flux shape


• Large transparency to both signal and 
background components

Transparency = 
Flux(σinel)

Flux(σinel = 0)

ALICE, Nature Phys. 19 (2023) 1, 61-71
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Same studies for antideuterons

14

ALICE, PRL 125, 162001 (2020)

First low energy 
antideuterons inelastic cross 

section measurement 

Resulting uncertainties on 
cosmic rays ~25%

Šerkšnytė, Phys.Rev.D 105 (2022) 8, 083021
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method). The ratio of 3He with TOF information to all the 3He candi-
dates is considered as an experimental observable. Figure 1d shows 
the momentum-dependent ratio of 3He with a reconstructed TOF hit 
to all the 3He candidates extracted from Pb–Pb collisions. As with the 
first method, this observable is also evaluated by means of a full-scale 
MC Geant4 simulation assuming different σinel(3

He) values. Figure 1f 
shows the extraction of σinel(3

He) and its related uncertainties for one 
rigidity interval following the same procedure as the one used in the 
first method.

The final results are shown in Fig. 2. Figure 2 (left) shows the 
σinel(3

He) results from the pp data analysis with the yellow boxes repre-
senting the ±1σ uncertainty intervals. In Fig. 2 (right), the histogram 
with the magenta error boxes shows σinel(3

He) extracted from the Pb–Pb 
data analysis. The results are shown as a function of momentum p at 
which the inelastic interaction occurs. Due to continuous energy loss 
inside the detector material, this momentum is lower than pprimary recon-
structed at the primary vertex (Methods). The antibaryon-to-baryon 
ratio method is applied in the pp data analysis, enabling the measure-
ment of σinel(3

He) down to a low momentum. The copious background 
makes this method inapplicable in Pb–Pb collisions below p = 1.5 GeV c–1 
(Methods). The TOF-to-TPC method is unavailable in this momentum 
range since 3He nuclei do not reach the TOF due to the large energy 
loss and bending within the magnetic field. On the other hand, for 
momentum values larger than p = 1.5 GeV c–1, the yield of produced 3He 
is substantially larger in Pb–Pb collisions, thus leading to higher statisti-
cal precision for this colliding system using the TOF-to-TPC method. 
The evaluation of systematic uncertainties is described in Methods. 
These two independent analysis methods, therefore, provide access 
to slightly different momentum ranges and to different 〈A〉 values and 
deliver consistent results in the common momentum region.

The cross section used by Geant4 for the average mass number 
〈A〉 of the material is shown by the dashed lines in Fig. 2. It is obtained 
from a Glauber model parameterization54 of the collisions of 3He with 
the target nuclei in which the antinucleon–nucleon cross-section value 
is taken from the measured pp collisions56. Agreement with the experi-
mental σinel(3

He) value is observed within two standard deviations in 
the studied momentum range.

Propagation of antinuclei in the interstellar 
medium
To estimate the transparency of our Galaxy to 3He nuclei, we consider 
two examples of 3He production sources. Results from another work57 
are used as the input for the production cross section of 3He  from 

cosmic-ray collisions with the interstellar medium. As a DM source of 
3

He, we consider weakly interacting massive particle candidates with 
a mass of 100 GeV c–2 annihilating into W+W− pairs followed by hadroni-
zation into (anti)nuclei29. In both cases, the yields of produced 3He are 
determined by employing the coalescence model that builds antinuclei 
from antineutrons and antiprotons that are close-by in the phase 
space12,41,42. More details about the cosmic-ray and DM sources are 
discussed in Methods. Additional 3He  sources such as supernovae 
remnants58, antistars23,24 and primordial black holes59–61 have not been 
included in this work.

We consider the DM density distribution in our Galaxy according 
to the Navarro–Frenk–White profile62 (Fig. 3, top), where a schematic 
of the 3He production from cosmic-ray interaction with the interstellar 
gas or DM annihilations is also shown.

The propagation of charged particles within galaxies is driven by 
magnetic fields. The propagation is commonly described by a transport 
equation that includes the following terms: (1) a source function; (2) 
diffusion; (3) convection; (4) momentum variations due to Coulomb 
scattering, diffusion and ionization processes; (5) fragmentation, 
decays and inelastic interactions. This equation, discussed in more 
detail in Methods, can be numerically solved by employing several 
propagation models63–66. In this work, the publicly available GALPROP 
code66 is employed. In the context of this calculation, our Galaxy is 
approximated by a cylindrical disk filled with an interstellar gas com-
posed of hydrogen (~90%) and 4He (~10%) with an average hydrogen 
number density of ~1 atom cm–3 (ref. 67). The gas distribution within our 
Galaxy is constrained by several astronomical spectroscopy measure-
ments68–71. GALPROP provides the propagation of particles up to the 
boundaries of the Solar System. To estimate the particle flux inside the 
Solar System, the effect of the solar magnetic field must be taken into 
account. This can be achieved by employing the force-field approxima-
tion or dedicated models like HelMod72,73. The whole propagation chain 
is benchmarked using several species of cosmic rays, including protons 
and light nuclei (up to Z = 28)46. The cosmic-ray injection spectra and 
the propagation parameters are tuned to match the measurements of 
protons and light nuclei both outside74 and within75–77 the Solar System.

After their production, the 3He nuclei need to travel a distance of 
several kiloparsecs to reach Earth46,62. During this passage, they might 
encounter protons or 4He nuclei in interstellar gas and inelastically 
interact. Non-destructive inelastic processes can occur and cause a 
substantial energy loss that results in a so-called tertiary 3He source 
peaked at low kinetic energies. Such a tertiary source component, 
however, only contributes a few percent of the total flux30,31. We neglect 
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Fig. 2 | Results for σinel(3
He) as a function of 3He momentum. Results obtained 

from pp collisions at √s = 13 TeV (left); results from the 10% most central Pb–Pb 
collisions at 

√

s

NN

 = 5.02 TeV (right). The curves represent the Geant4 cross 
sections corresponding to the effective material probed by the different 

analyses. The arrow on the left plot shows the 95% confidence limit on σinel(3
He) 

for 〈A〉 = 17.4. The different values of 〈A〉 correspond to the three different 
effective targets (see the main text for details). All the indicated uncertainties 
represent standard deviations.

Summary
• Production


- High precision differential (anti)deuteron and 
(anti)helium yields in pp collisions


- Coalescence parameter B2 is flat as a function of 
rapidity: extrapolation from mid-rapidity to 
forward rapidity should be safe


• Annihilation:

- First ever low momentum antideuteron 

measurement

- First ever antihelium-3 measurement


• Future/ongoing:

- high-pT deuterons with HMPID

- inelastic cross-section of antihelium-4

- First observation of antihelium-4 in pp collisions

- …
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Method: ALICE as a target
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(Anti)nuclei production mechanisms
• Statistical Hadronisation Model (SHM)


- describes the yields of light-flavoured hadrons 
by requiring thermal and hadron-chemical 
equilibrium 

18
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(Anti)nuclei production mechanisms
• Statistical Hadronisation Model (SHM)


- describes the yields of light-flavoured hadrons 
by requiring thermal and hadron-chemical 
equilibrium 


• Coalescence Model

- Nuclei are formed by nucleons coalescing after 

freeze-out

- Depends on phase-space of produced 

nucleons (momentum, distance) and deuteron 
Wigner function
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Comparison
• Nucleus to nucleon yield ratio evolves smoothly with multiplicity


- Dependence on the system size

• Deuterons: no conclusion on the different models

• Helium-3: model predictions different but insufficient data precision
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Comparison
• Nucleus to nucleon yield ratio evolves smoothly with multiplicity


- Dependence on the system size

• Deuterons: no conclusion on the different models

• Helium-3: model predictions different but insufficient data precision
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CSM vs Coalescence
• Nucleus to nucleon yield ratio evolves smoothly with multiplicity


- Dependence on the system size

• Deuterons: no conclusion on the different models

• Helium-3: model predictions different but insufficient data precision

21

• Hypertriton has a size of ~10 fm

- Relevant for coalescence but not SHM


• Coalescence provides the best description 
of hypertriton measurement in pp collision 
system
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( ) in MC varied for each momentum bin to match:


•  experimental data  central value


•  upper/lower edge of the total error bar  1σ confidence interval

σinel
3He

→
→
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Lambert-Beer law: B/B ∝ exp(−σinel)
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ALICE material budget
• Material budged distribution can be 

modelled and studied in Geant4

• Was validated with:

‣ Photon conversion analyses (up to outer 

TPC vessel) [1]

‣ Tagged pion and proton absorption 

studies (for the material between TPC 
and TOF detectors) [2]


• Result: total material budget known to a 
precision of ~4.5%!

26

PRL 125, 162001 (2020)

Supplemental material ALICE Collaboration

1 Supplemental material

Figure 1: Cumulative distribution of the material in the ALICE apparatus as a function of the radial distance from
the beam line. The results are shown for straight primary tracks emitted perpendicularly to the beam line either
at the center of the TOF sectors (red line) or averaged over azimuth (blue line). The cross section on the beam-
transverse plane of the different detector parts at the end cap is depicted with different colours in the background.
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• Average material 
• Antimatter-to-matter method: 31.8

• TOF-to-TPC method: 34.7
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(Anti)nuclei production mechanisms
• Statistical Hadronisation Model (SHM)


- describes the yields of light-flavoured hadrons 
by requiring thermal and hadron-chemical 
equilibrium 


- canonical ensemble (CSM): local conservation 
of quantum numbers (S, Q and B) 

27
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(Anti)nuclei production mechanisms
• Statistical Hadronisation Model (SHM)


- describes the yields of light-flavoured hadrons 
by requiring thermal and hadron-chemical 
equilibrium 


- canonical ensemble (CSM): local conservation 
of quantum numbers (S, Q and B) 


• Coalescence Model

- Nuclei are formed by nucleons coalescing after 

freeze-out

- Depends on phase-space of produced 

nucleons (momentum, distance) and deuteron 
Wigner function

28
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CSM vs Coalescence
• Nucleus to nucleon yield ratio evolves smoothly with multiplicity


- Dependence on the system size

• Deuterons: no conclusion on the different models

• Helium-3: model predictions different but insufficient data precision

29
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CSM vs Coalescence
• Nucleus to nucleon yield ratio evolves smoothly with multiplicity


- Dependence on the system size

• Deuterons: no conclusion on the different models

• Helium-3: model predictions different but insufficient data precision

30

• Hypertriton has a size of ~10 fm

- Relevant for coalescence but not SHM


• Coalescence provides the best description 
of hypertriton measurement in pp collision 
system
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Inelastic cross section 

31
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Sophisticated Coalescence
• Largest uncertainty: production models

• Wigner formalism - the new era of coalescence 

studies

32

𝒫 (r0, q) = ∫ d3rd ∫ d3rHpn ( ⃗r, ⃗rd; r0) 𝒟( ⃗q, ⃗r)

d3Nd

dP3
d

= Sd ∫ d3q𝒫 (r0, q)
Gnp ( ⃗P d/2 + ⃗q, ⃗P d/2 − ⃗q)

(2π)6

𝒟( ⃗q, ⃗r) = ∫ d3ξe−i ⃗q⋅ ⃗ξφd( ⃗r + ⃗ξ/2)φ*d ( ⃗r − ⃗ξ/2)
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Method benchmark: antiprotons 
• Benchmark with well known inelastic cross-section measurement: antiprotons 

• Good agreement between the data and Geant4 parametrisation constrained to available 

measurements 

33
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Collisions in interstellar medium

34
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• Largest antideuteron yield from collisions of protons of kinetic energy ~200-500 GeV

• Corresponds to SPS centre-of-mass energies!

• The antinuclei inelastic cross sections must be evaluated at many different collision energies 

Collisions in interstellar medium

34L.Šerkšnytė, S. Königstorfer et al, Phys. Rev. D 105, 083021 (2022)
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Collisions in interstellar medium
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Antideuteron cosmic ray fluxes 
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Antideuteron cosmic ray fluxes 
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All antihelium vs which reaches TOF 
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Inelastic cross sections 
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Phys.Lett.B 848 (2024) 138337
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Inelastic cross section uncertainties 
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Studying light nuclei formation 
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Production cross sections 
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CR fluxes for different DM assumptions

42

PhD Thesis of Stephan Königstorfer


