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A Large Ion Collider Experiment

Antinuclei inelastic cross sections
Antinuclei inelastic cross sections are very poorly known for A ≥ 2 
• Antideuterons: experimental data at p = 13.3 GeV/c [1] and at p = 25 GeV/c [2] (from 1970s!) 
• Highly demanded in physics community right now! (Indirect DM searches with antinuclei in space)
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High-energy collisions at LHC produce a lot of antinuclei 
• Setup a “fixed-target experiment”: source (collisions at LHC) + target (ALICE detector material)
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A Large Ion Collider Experiment

LHC as an antimatter factory
At LHC energies, particles and antiparticles are produced in almost equal amounts 
• Protons and deuterons: about ~5% and ~0.005% of all charged particles 
• Penalty factor of ~1000 to produce one additional nucleon (in pp collisions)
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uncertainties due to the track selection criteria were estimated
to be less than 4% for nuclei and antinuclei by changing the
conditions for selecting tracks.

The approximations made in the DCAxy templates intro-
duced an uncertainty on the removal of secondary nuclei orig-
inating in the detector material. A value of 4% was estimated
for deuterons by replacing the simulated DCAxy templates
of primary deuterons with the measured DCAxy distribution
of antideuterons, which are not affected by contamination
from secondary tracks. An uncertainty of ∼20% was estimated
following a similar procedure for tritons and 3He nuclei.

The dominant feed-down contribution for (anti)nuclei is the
π -mesonic decay of (anti)hypertritons [42]: 3

"H → d + p +
π−, 3

"H → d + n + π0, 3
"H → t + π0 and 3

"H → 3He + π−.
In pp collisions, the 3

"H cross section was estimated to be of the
same order of magnitude as the 3He nucleus cross section [44].
However, the production cross section of deuterons is about 104

times greater than that of 3He nuclei, hence the contamination
for (anti)deuterons can be considered negligible. Additionally,
the fraction of hypertritons which passes the track selection
in the 3He (anti)nucleus channel was estimated with a Monte
Carlo simulation and is at most 35%. Assuming a similar value
for the (anti)triton channel and branching ratios of 27% and
13% [42], then less than ∼10% and ∼6% contamination is
expected for 3He (anti)nuclei and (anti)tritons, respectively.

The (anti)nucleus–nucleus elastic and inelastic scattering
uncertainty was evaluated by comparing the GEANT3 simu-
lations with the data for two different experimental config-
urations: one using the detector portion in which the TRD
modules were installed between the TPC and the TOF detector
and another in which the TRD was not installed. The ratio
between the number of (anti)deuterons counted with the two
different detector configurations is related to the number

of (anti)deuterons lost due to hadronic interactions. These
ratios were compared with a GEANT3 simulation and a 6%
uncertainty was estimated for the amount of nuclei lost in
such processes. This comparison, however, was not feasible for
(anti)tritons due to the limited data, and a 12% uncertainty was
assumed. Unlike deuterons and tritons, the measurements of
3He (anti)nuclei presented here only rely on TPC information,
hence they are not affected by the TRD material in front of the
TOF detector.

Another source of systematic uncertainty is the accuracy
in the knowledge of the material budget. This uncertainty was
estimated to be +3.4% and −6.2% by comparing the material
thickness estimated by analyzing photon conversions in the
inner detectors with the material description implemented
in the Monte Carlo simulations [45]. To propagate these
uncertainties to the results, a Monte Carlo simulation was done
in which the material density was varied by ±10% and linearly
interpolated to match the uncertainties in the material budget.
The result was below 3% at low pT and negligible at high pT
for the different (anti)nuclei.

The extrapolation of the measurements to inelastic pp
collisions adds additional systematic uncertainties of +2.2

−0.8%,
+5.2
−2.8% and +5.0

−2.0% for the center-of-mass energies 0.9, 2.76,
and 7 TeV, respectively [40]. However, these uncertainties are
not included in the figures as in previous related publications
[11,46–48].

IV. RESULTS

A. Deuterons and antideuterons

The invariant differential yields of deuterons and an-
tideuterons were measured in the pT range 0.8 < pT < 3
GeV/c (Fig. 5) and extrapolated to inelastic pp collisions
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FIG. 5. Invariant differential yield of deuterons (left panel) and antideuterons (right panel) in inelastic pp collisions (INEL) at
√

s = 0.9,
2.76, and 7 TeV. Systematic uncertainties are represented by boxes and the data are multiplied by constant factors for clarity in the figure. The
lowest pT point for deuterons at

√
s = 7 TeV was taken from [11]. The dashed line represents the result of a fit with a Tsallis function (see

Sec. V B for details).
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(Anti-)deuteron momentum spectra in pp collisions [1]
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FIG. 12. Integrated yields (dN/dy) of antiprotons, antideuterons
and

3
He nuclei as a function of the number of antinucleons in inelastic

pp collisions at
√

s = 7 TeV. The horizontal lines represent a fit with
the function c0AcA

1 based on Eq. (1).

hard and maximally soft pT distributions. The values of dN/dy
and 〈pT〉 were reevaluated and the largest difference was taken
as the systematic uncertainty. Table II summarizes the resulting
values for the different center-of-mass energies along with
the extrapolation fraction due to the unmeasured pT regions.
The uncertainty on the extrapolation was estimated by using
additional distributions including the Levy-Tsallis [58,59] and
Boltzmann distributions. The change of the default fit function
with respect to [11] leads to slightly different values for
the obtained dN/dy and 〈pT〉 which are consistent within
the respective systematic uncertainties. Figure 12 shows an
exponential decrease of the dN/dy as a function of the mass
number. The reduction of the yield for each additional nucleon
is about 1000.

The integrated d/p and d/p ratios were calculated from
the integrated yields in Table II and Refs. [47,48], and are
shown in Fig. 13 as a function of the average charged particle
multiplicity at mid-rapidity [60,61]. The dN/dy values for
pp collisions at the CERN ISR were computed following the
same procedure described above and using the inclusive p
distribution from [52] and the d distribution from Refs. [12,13].
The resulting d/p ratio was divided by 0.69 to account for
the contributions of feed-down antiprotons, based on an EPOS
(LHC) simulation [44]. Figure 13 suggests an increasing trend
in this ratio with the average charged particle multiplicity
in pp collisions, which is also supported by an EPOS (LHC)
simulation with the afterburner, although at ISR energies the
d/p ratio is strongly influenced by the baryon number transport
at mid-rapidity, leading to a higher value than at LHC energies
according to the model expectations.

When describing particle ratios such as the d/p ratio, the
only free parameter of grand-canonical statistical hadroniza-
tion models at LHC energies is the chemical freeze-out temper-
ature. In the past, several attempts were made to extend their
successful description of AA collisions to smaller collision
systems such as pp. In particular, the canonical formulation
describes the production of light flavor hadrons, including
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FIG. 13. Integrated deuteron-to-proton (d/p) and antideuteron-
to-antiproton (d/p) ratios in inelastic pp collisions as a function of
the average charged particle multiplicity for different center-of-mass
energies. The average d/p ratio in AA collisions lies two times above
the highest value in pp collisions (not shown). Dashed and solid lines
represent the expected values from EPOS (LHC) with afterburner and
the bands their uncertainties. The CERN ISR value is corrected by the
contribution of feed-down antiprotons estimated with an EPOS (LHC)
simulation.

those with strangeness content [26]. While the p/π ratio
is found to be comparable in pp, p-Pb, and Pb-Pb colli-
sions [48,62], indicating a comparable chemical freeze-out
temperature among different systems, the d/p ratio in pp
collisions at LHC energies is found to be two times lower
than the average value in AA collisions. Since the strangeness-
canonical formulation only influences the abundance of strange
particles with respect to nonstrange particles, it cannot explain
the observed results presented here.

VI. SUMMARY AND CONCLUSIONS

The invariant differential yields of deuterons and an-
tideuterons in pp collisions at

√
s = 0.9, 2.76, and 7 TeV

and the yields of tritons, 3He nuclei, and their antinuclei
at

√
s = 7 TeV have been measured in the rapidity range

|y| < 0.5. The measurements cover the pT ranges 0.8 <
pT < 3 GeV/c for (anti)deuterons, 1.2 < pT < 1.8 GeV/c
for (anti)tritons, 1.2 < pT < 3 GeV/c for 3He nuclei and
1.2 < pT < 6 GeV/c for 3He antinuclei. This extends pre-
vious measurements by one order of magnitude in incident
energies and by a factor of 3 in pT reach, and it includes the
first ever measurements of antitritons and

3
He nuclei in pp

collisions.
The present measurements show no significant dependence

of the coalescence parameter B2 on the center-of-mass energy
from CERN ISR energies (53 GeV) to the highest LHC energy
reported in this paper (7 TeV). Moreover, the values of both
B2 and B3 are found to be compatible at low pT with those
obtained in pA collisions at Bevalac energies.

A previously unobserved pT dependence in pp collisions of
the coalescence parameters B2 and B3 is also reported. The data

024615-9

x 1/1000

Integrated yield at mid-rapidity [1]

x 1/1000
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Fig. 16 Anti-baryon to baryon yields ratios as a function of beam rapidity for various baryons separately. The parametrisation with Eq. (4) (blue
line) is shown. The red points show the ALICE measurements (Colour figure online)

Fig. 17 p/p and !/! ratios as a function of rapidity at
√

s = 0.9 and 7 TeV. The parametrisation with Eq. (4) (black line) is shown (Colour figure
online)

on the number of global tracks (which combine the infor-
mation from the ITS and the TPC), and the number of track-
lets (vectors connecting pairs of clusters each from one of
the two SPD layers and pointing to the vertex but not part
of a reconstructed global track) in |η| < 0.5. Using sim-
ulated events, it was verified, that this estimate is propor-
tional to dNch/dη. We present the anti-baryon to baryon ra-
tios as a function of the relative charged-particle pseudora-
pidity density (dNch/dη)/〈dNch/dη〉, where 〈dNch/dη〉 is a

value measured for inelastic pp collisions with at least one
charged particle in |η| < 1 (INEL > 0|η|<1) [28–30] (see Ta-
ble 11). The value at

√
s = 2.76 TeV was not measured: it is

an interpolation of points at
√

s = 0.9, 2.36 and 7 TeV us-
ing a power law function. The use of relative quantities was
chosen in order to facilitate the comparison to other experi-
ments, as well as to minimise systematic uncertainties.

The relative multiplicity densities are shown in Fig. 18.
The sizes of bins were chosen so that they all have suffi-
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A Large Ion Collider Experiment

LHC as an antimatter factory
At LHC energies, particles and antiparticles are produced in almost equal amounts 
• Primordial antimatter-to-matter ratio approaches unity with increasing √s
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Today’s talk: results on σinel(d̅) in pPb collisions at √sNN = 5.02 TeV 
Extrapolation for √s = 5.02 TeV: 
• Primordial p̅ / p ratio: R = 0.984 ± 0.015    →   primordial d̅ / d: R = 0.968 ± 0.030

ƌ/d and (p̅/p)2 ratios vs pT [1] p̅/p ratio at mid-rapidity vs √s [1]

Coalescence model: 

d yield ~ (p yield) 2
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… and ALICE detector material as a target
Material budget at mid-rapidity at the 
centre of ALICE sector [1]: 
• ITS (~8% X0) 
• TPC (~4% X0) 
• TRD (~25% X0) 
Additionally, space frame between TPC 
and TOF can contribute to ~20-30% X0
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Our “target” is very non-uniform!

Average <A> and <Z> values of the 
materials weighted with density:

<Z> <A>

ITS+TPC 8.5 17.4

From IP 
to TOF 14.8 31.8
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Idea of the analysis
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• No correction due to detector efficiency or absorption in detector material 
• Correct for secondary (anti)deuterons from weak decays or spallations 
• Constrain σinel(d̅) via comparison with detailed Monte Carlo      
simulations based on Geant4 
•  Vary σinel(d̅) in MC simulations, σinel(d) is fixed to the one used in 
Geant4 (describes well the experimental data) 

• (Anti)proton analysis as a benchmark
Variations of σinel(ƌ) Reconstructed ƌ/d ratio (toy MC)

σ i
ne

l(ƌ
) (

a.
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)
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R
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Analyse raw reconstructed antideuteron-to-deuteron ratio



A Large Ion Collider Experiment

Particle identification in TPC and TOF
Complementary information from TPC and TOF 
detectors allows to select high-purity (anti)nuclei
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TPC: dE/dx in gas (Ar/CO2)

dE/dx in ALICE TPC [1]

[1]   PLB 800 (2019) 135043
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Particle identification in TPC and TOF
Complementary information from TPC and TOF 
detectors allows to select high-purity (anti)nuclei
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TPC: dE/dx in gas (Ar/CO2)

dE/dx in ALICE TPC [1] TOF β

[1]   PLB 800 (2019) 135043

TOF measurements: β = v/c 
• p = γβm → mass
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TPC: dE/dx in gas (Ar/CO2)

• Extract yields using fits to TOF m2

dE/dx in ALICE TPC [1] TOF β

[1]   PLB 800 (2019) 135043

TOF measurements: β = v/c 
• p = γβm → mass
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Raw ratio of primary (anti)protons
Raw p̅ / p ratio compared to detailed ALICE MC simulations based on Geant4 
•  Geant4: version 10.4.2, FTFP_INCLXX_EMV physics list
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• Higher loss of antiprotons in detector 
material as expected

Monte Carlo data: detailed simulation 
of ALICE detector performance 
• Propagation of (anti)particles and 
interaction with matter with Geant4 

• Very good description of raw 
reconstructed p̅ / p ratio 

Raw p̅ / p ratio

PRL 125, 162001 (2020)
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Raw ratio of primary (anti)protons
Raw p̅ / p ratio compared to detailed ALICE MC simulations based on Geant4 
•  Geant4: version 10.4.2, FTFP_INCLXX_EMV physics list
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• Higher loss of antiprotons in detector 
material as expected

Monte Carlo data: detailed simulation 
of ALICE detector performance 
• Propagation of (anti)particles and 
interaction with matter with Geant4 

• Very good description of raw 
reconstructed p̅ / p ratio 

Vary σinel (p̅) in simulations until MC ratio is ±1σ 
or ±2σ away from experimental ratio → 
constraints on σinel (p̅) 
•σinel(p) is fixed to the Geant4 parameterisations 
(describe well exp. data on σinel(p))

Raw p̅ / p ratio

PRL 125, 162001 (2020)
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Raw ratio of primary (anti)protons
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Variations of σinel (p̅) in MC simulationsRaw p̅ / p ratio

PRL 125, 162001 (2020)

Uncertainties on data: stat., syst. and global unc. from 
primordial ratio 
Uncertainties on MC results: variations of σinel(p) and σel

Raw p̅ / p ratio compared to detailed ALICE MC simulations based on Geant4 
•  Geant4: version 10.4.2, FTFP_INCLXX_EMV physics list
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Results for σinel(p̅)
σinel(p̅) is estimated on an averaged material element of the ALICE detector 
Good agreement with Geant4 parameterisations in whole investigated momentum range
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PRL 125, 162001 (2020)

Raw p̅ / p ratio

σinel(p̅) on averaged ALICE material
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Results for σinel(p̅)
σinel(p̅) is estimated on an averaged material element of the ALICE detector 
Good agreement with Geant4 parameterisations in whole investigated momentum range
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PRL 125, 162001 (2020)

Raw p̅ / p ratio Energy loss effects: annihilation 
happens at momentum p < pprimary

σinel(p̅) on averaged ALICE material
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Raw ratio of primary (anti)deuterons
Raw ƌ / d ratio compared to detailed ALICE MC simulations based on Geant4 
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Raw d̅ / d ratio

PRL 125, 162001 (2020)
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Results for σinel(d̅)
High p region (TOF analysis): good agreement with Geant4 parameterisations
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First experimental information 
on σinel(d̅) at low momentum!

Raw d̅ / d ratio

σinel(d̅) on averaged ALICE material
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Results for σinel(d̅)
High p region (TOF analysis): good agreement with Geant4 parameterisations
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PRL 125, 162001 (2020)

First experimental information 
on σinel(d̅) at low momentum!

Raw d̅ / d ratio
Low p region (ITS-TPC analysis): hint for steeper rise of σinel(d̅) than in Geant4!

σinel(d̅) on averaged ALICE material
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Antinuclei inelastic cross sections in Geant4 [1]
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Cross sections of antinuclei (p̅, d̅, t̅, α̅) interactions with A are first calculated in the Glauber approximation 
Direct Glauber calculations in Geant4 in a run-time mode are too heavy 
→ parametrise Glauber calculations with [2, 3] :

[1]   Phys. Lett. B705, 235 (2011) 
[2]   Eur. Phys. J. C 62 (2009) 399 
[3]   Nucl. Instrum. Methods B 267 (2009) 2460

These equations are then used as a determination of RA (having calculated σhA and σBA with Glauber)

For inelastic cross-section:
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Antinuclei inelastic cross sections in Geant4 [1]

Antideuteron inelastic cross section in ALICE | I. Vorobyev | LCPP Workshop | 03.11.2020 15

Technische Universität München

Good description of Glauber calculations with parameterisations 
The parameterisations are used in Geant4 in 100 MeV/c < p/A < 1000 GeV/c momentum range

[1]   Phys. Lett. B705, 235 (2011)

Points: Glauber calculation 
Lines: Geant4 parametrisation

Points: Glauber calculation 
Lines: Geant4 parametrisation

New ALICE results: steeper rise of inelastic c.s. at very low momentum!
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Preliminary results for (anti)3He
Raw 3He / 3He ratio compared to detailed ALICE MC simulations based on Geant4 
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ALI-PREL-347219

Raw 3He / 3He ratio
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Preliminary results for  σinel(3He)
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Raw 3He / 3He ratio

High p region (TOF analysis): in agreement with Geant4

σinel(3He) on averaged ALICE material
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Preliminary results for  σinel(3He)
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Raw 3He / 3He ratio

High p region (TOF analysis): in agreement with Geant4
Low p region (ITS-TPC analysis): much steeper rise of σinel(3He) than in Geant4!

σinel(3He) on averaged ALICE material
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A Large Ion Collider Experiment

Preliminary results for  σinel(3He)
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Raw 3He / 3He ratio

High p region (TOF analysis): in agreement with Geant4
Low p region (ITS-TPC analysis): much steeper rise of σinel(3He) than in Geant4!

σinel(3He) on averaged ALICE material
First experimental data on σinel(3He) ever!
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Summary and outlook
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ALICE Experiment at CERN LHC as a tool to study antinuclei 
absorption in detector material 
• Analysis of raw reconstructed antinuclei/nuclei ratios 
• Constrain σinel(d̅) via comparison with Geant4-based simulations 
• Benchmark on σinel(p̅) - in good agreement with existing data 
• First experimental information on σinel(ƌ) (and σinel(3He)) at low p!

Stronger rise at very low momentum than predicted by Geant4! 
• Adjust the antinuclei inelastic c.s. in Geant4 at very low p? 

Work in progress towards further results 
• Understand the origin of steep rise at low momentum 
• Analyse more data with higher statistics for (anti)3He 
• Try to extend the analysis to (anti)4He

Technische Universität München
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Summary and outlook
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ALICE Experiment at CERN LHC as a tool to study antinuclei 
absorption in detector material 
• Analysis of raw reconstructed antinuclei/nuclei ratios 
• Constrain σinel(d̅) via comparison with Geant4-based simulations 
• Benchmark on σinel(p̅) - in good agreement with existing data 
• First experimental information on σinel(ƌ) (and σinel(3He)) at low p!

Thank you for your attention!

Stronger rise at very low momentum than predicted by Geant4! 
• Adjust the antinuclei inelastic c.s. in Geant4 at very low p? 

Work in progress towards further results 
• Understand the origin of steep rise at low momentum 
• Analyse more data with higher statistics for (anti)3He 
• Try to extend the analysis to (anti)4He
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Back-up slides

Antideuteron inelastic cross section in ALICE | I. Vorobyev | LCPP Workshop | 03.11.2020 19

Technische Universität München



A Large Ion Collider Experiment

Indirect Dark Matter searches
Low-energy cosmic-ray antinuclei (d̅, 3He, 4He) - unique probe for indirect Dark Matter searches 
• Low background from secondary production is expected 
• Vital to determine primary and secondary antinuclei fluxes as precise as possible!
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Predicted antideuteron flux near Earth [1]

[1]   Physics reports 618, 1 (2016)
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A long way to the detectors

Basic ingredients for antinuclei flux calculation: 
• Propagation: common for all (anti)particles 
• Annihilation in interstellar medium, Earth’s atmosphere, … 
• Production of antinuclei in pp, pp̅, p-He, p̅-He…
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[1]   CERN-SPSC-2019-022; SPSC-P-360

Interstellar Medium Heliosphere Near-Earth Environment

Uncertainty on p̅/p ratio for AMS-02 [1]

AMS-02 exp. uncertainty
Astrophysics
Nuclear physics

Precise nuclear inelastic cross sections are needed to 
reduce uncertainties from nuclear physics!
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Modelling of cosmic rays propagation
Interstellar Medium Heliosphere Near-Earth Environment

Department of Physics
Technical University of Munich

The Propagation of Galactic Cosmic Rays to Earth --- Modelling

Cosmic 
rays at 
Earth

Earth‘s 
magnetic 
field and 

atmosphere

Solar 
magnetic 

field

Propagation 
in the 
galaxy

Injection 
spectra

(particles)

Galprop1 Solarprop2 Planetocosmics3

1 https://galprop.stanford.edu/ 
2 http://www.th.physik.uni-bonn.de/nilles/people/kappl/ 
3 http://cosray.unibe.ch/~laurent/planetocosmics/

Thomas Pöschl (TUM) | 03/29/19 | Los Angeles 5

[1]   https://galprop.stanford.edu 
[2]   http://www.th.physik.uni-bonn.de/nilles/people/kappl 
[3]   http://cosray.unibe.ch/~laurent/planetocosmics

https://galprop.stanford.edu
http://www.th.physik.uni-bonn.de/nilles/people/kappl
http://cosray.unibe.ch/~laurent/planetocosmics
https://galprop.stanford.edu
http://www.th.physik.uni-bonn.de/nilles/people/kappl
http://cosray.unibe.ch/~laurent/planetocosmics
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Antideuteron diffusion equation
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dd d d d d d

Propagation term 
• Common for all (anti-)particle species

Annihilation term 
• Annihilation of anti-deuterons (interstellar medium, Earth’s atmosphere…)

Source term 
• Production of anti-deuterons in collisions of pp, pp̅, p-He, p̅-He…



A Large Ion Collider Experiment

Consistency of results between pp and pPb data
Are raw p̅/p and d̅/d ratios compatible in different collision systems? 
Yes, modulo the change of primary antimatter/matter ratio, so analysis is robust!
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p̅/p ratio at mid-rapidity vs √s [1]
Page 14 of 22 Eur. Phys. J. C (2013) 73:2496

Fig. 16 Anti-baryon to baryon yields ratios as a function of beam rapidity for various baryons separately. The parametrisation with Eq. (4) (blue
line) is shown. The red points show the ALICE measurements (Colour figure online)

Fig. 17 p/p and !/! ratios as a function of rapidity at
√

s = 0.9 and 7 TeV. The parametrisation with Eq. (4) (black line) is shown (Colour figure
online)

on the number of global tracks (which combine the infor-
mation from the ITS and the TPC), and the number of track-
lets (vectors connecting pairs of clusters each from one of
the two SPD layers and pointing to the vertex but not part
of a reconstructed global track) in |η| < 0.5. Using sim-
ulated events, it was verified, that this estimate is propor-
tional to dNch/dη. We present the anti-baryon to baryon ra-
tios as a function of the relative charged-particle pseudora-
pidity density (dNch/dη)/〈dNch/dη〉, where 〈dNch/dη〉 is a

value measured for inelastic pp collisions with at least one
charged particle in |η| < 1 (INEL > 0|η|<1) [28–30] (see Ta-
ble 11). The value at

√
s = 2.76 TeV was not measured: it is

an interpolation of points at
√

s = 0.9, 2.36 and 7 TeV us-
ing a power law function. The use of relative quantities was
chosen in order to facilitate the comparison to other experi-
ments, as well as to minimise systematic uncertainties.

The relative multiplicity densities are shown in Fig. 18.
The sizes of bins were chosen so that they all have suffi-
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Consistency of results between pp and pPb data
Are raw p̅/p and d̅/d ratios compatible in different collision systems? 
Yes, modulo the change of primary antimatter/matter ratio, so analysis is robust!
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[1]   Phys. Rev. C 97, 024615 (2018)
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Consistency of results between pp and pPb data
Are raw p̅/p and d̅/d ratios compatible in different collision systems? 
Yes, modulo the change of primary antimatter/matter ratio, so analysis is robust!
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GEANT3/4 cross-sections for (anti)deuterons
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18 E. Serradilla
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Figure 14: GEANT3 and GEANT4 parameterizations of d-nucleus and d-nucleus data. Solid lines represent the
parameterization implemented in GEANT3, dashed lines the GEANT4 approach, symbols are experimental data,
blue is for deuterons and red for antideuterons.
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Figure 15: GEANT3 parameterization using only d-nucleus data.
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GEANT3/4 cross-sections for (anti)3He
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Deuterons and antideuterons in pp collisions 19
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Figure 16: GEANT3 and GEANT4 parameterization of t-nucleus and t-nucleus data.
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Figure 17: GEANT3 and GEANT4 parameterization of 3He-nucleus and 3He-nucleus data.



Geant3
• Empirical parametrization based on Moiseev‘s formula:

• ZP and NP number of protons and 
neutrons in projectile

• AT  target mass
• K(AT) correction factor to account for

overlapping of nucleons inside nucleus
and effect of non-participating nucleons
in target

• Sigma_R called „total reaction cross
section“ in AN

• Actually does not include elastic
cross sectionÆ inelastic cross
section

• Elastic cross section = 0 in Geant3

A Large Ion Collider Experiment

GEANT3 inelastic cross-sections
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Empirical parameterisation based on Moiseev’ formula [1]:

Geant3
• Empirical parametrization based on Moiseev‘s formula:

• ZP and NP number of protons and 
neutrons in projectile

• AT  target mass
• K(AT) correction factor to account for

overlapping of nucleons inside nucleus
and effect of non-participating nucleons
in target

• Sigma_R called „total reaction cross
section“ in AN

• Actually does not include elastic
cross sectionÆ inelastic cross
section

• Elastic cross section = 0 in Geant3

[1]   A. A. Moiseev, J. F. Ormes, Astroparticle Physics, 6(34):379-386, 1997
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Geant4: Glauber calculations vs data
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Lines are Glauber calculations, points are various exp. data [1]

KEK
Serpuknov

Brookhaven/Fermi

Brookhaven
Berkeley

Serpuknov

Fermilab
Berkeley
Serpuknov
CERN

Fermilab
Berkeley
Serpuknov
CERN

CERN

[1]   Phys. Lett. B705, 235 (2011)
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Parameterisations used in GEANT4
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Direct Glauber calculations in GEANT4 in a run-time mode are too heavy 
→ parametrise Glauber calculations with [1] :

[1]   V.M. Grichine, Eur. Phys. J. C 62 (2009) 399, Nucl. Instrum. Methods B 267 (2009) 2460

For total cross-section: For inelastic cross-section:

RA cannot be directly connected with known values due to some simplifications 
Use equations as a determination of RA having calculated σhA and σBA with Glauber
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Uncertainty due to σinel (proton) 
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How precise σinel (proton) is described by Geant4? 
• Check available experimental data (Be,B,C,O,Al,Fe,Cu,Ge,Sn,Pb) 
• Vary Geant4 parametrisation, calculate χ2 for all data points 
• Minimum χ2 and ±1σ : 0.9925 +0.0375 −0.0325

Proton inelastic cross sections
• Proton data on Be, B, C, O, Al, Fe, Cu, Ge, Sn, Pb

• Minimum χ and ±1σ: 𝟎. ퟗퟗ𝟐𝟓 𝟎.𝟎𝟑𝟐𝟓
𝟎.𝟎𝟑𝟕𝟓

13/3/2019 Geant4 cross-sections of (anti-)protons and (anti-)deuterons 7

+1σ
min. χ
-1σ

f = scaling factor of Geant4 cross sections

Proton inelastic cross sections
• Proton data on Be, B, C, O, Al, Fe, Cu, Ge, Sn, Pb

• Minimum χ and ±1σ: 𝟎. ퟗퟗ𝟐𝟓 𝟎.𝟎𝟑𝟐𝟓
𝟎.𝟎𝟑𝟕𝟓

13/3/2019 Geant4 cross-sections of (anti-)protons and (anti-)deuterons 7

+1σ
min. χ
-1σ

f = scaling factor of Geant4 cross sections

Scaling factor for Geant4 σinel (proton)



Deuteron inelastic cross sections
• Deuteron data on Be, C, O, Si, Sn, Pb

• Minimum χ and ±1σ: 𝟏. 𝟎𝟏ퟕ𝟓 𝟎.𝟎𝟒ퟕ𝟓
𝟎.𝟎ퟔ𝟐𝟓

• For lighter nuclei (up to Si) Geant4 slightly
overestimates the data

• For Sn and Pb Geant4 clearly underestimates the
data

• Calculate χ again without considering Sn and Pb

13/3/2019 Geant4 cross-sections of (anti-)protons and (anti-)deuterons 9
f = scaling factor of Geant4 cross sections

+1σ
min. χ
-1σ

Deuteron inelastic cross sections
• Deuteron data on Be, C, O, Si, Sn, Pb

• Minimum χ and ±1σ: 𝟏. 𝟎𝟏ퟕ𝟓 𝟎.𝟎𝟒ퟕ𝟓
𝟎.𝟎ퟔ𝟐𝟓

• For lighter nuclei (up to Si) Geant4 slightly
overestimates the data

• For Sn and Pb Geant4 clearly underestimates the
data

• Calculate χ again without considering Sn and Pb

13/3/2019 Geant4 cross-sections of (anti-)protons and (anti-)deuterons 9
f = scaling factor of Geant4 cross sections

+1σ
min. χ
-1σ
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Uncertainty due to σinel (deuteron) 
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How precise σinel (deuteron) is described by Geant4? 
• Check available experimental data (Be, C, O,Si, Sn, Pb) 
• Vary Geant4 parametrisation, calculate χ2 for all data points 
• Minimum χ2 and ±1σ : 1.0175 +0.0625 −0.0475

Scaling factor for Geant4 σinel (proton)
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Uncertainty due to σinel (3He) 
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How precise σinel (3He) is described by Geant4? 
• Check available experimental data [1] 
• Vary Geant4 parametrisation, calculate χ2 for all data points 
• Minimum χ2 and ±1σ : 1.058 +0.031 −0.031
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[1] Nuclear Physics A 696 (2001) 3–30 
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Deuterons from spallation processes
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19

Light nuclei from spallation reactions [Phys. Rev. C 97 (2018) 024615]

About 80% of all deuterons at pT = 0.85 GeV/c are 
from spallation reactions and not of primary origin.à
This background source is not present in anti-nuclei.

ALICE, Phys. Rev. C 97 (2018) 024615
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Simple Geant4-based model
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Standalone Geant4 simulation to investigate ratios in more details 
• (Anti-)proton and (anti-)deuteron source + a target made of ALICE detector materials 
• Loss of (anti-)particles due to inelastic processes in detector material 
• low p: beam pipe, ITS, TPC (<Z> = 8.5, <A> = 17.4) 
• high p: beam pipe, ITS, TPC, TRD, SF (<Z> = 14.8, <A> = 31.8) 

• Loss of (anti-)particles due to scattering effects in ITS, TPC and TRD material 
• Multiple coulomb and hadron elastic scattering

Detailed ALICE simulation Simple Geant4 setup 

p, d, p̅, ƌ

Same materials as for 
the full ALICE simulation

beam
 pipe

ITS

TPC

TR
D

space fram
e
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Simple Geant4-based model
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ALI-DER-324008

Standalone Geant4 simulation to investigate ratios in more details 
• (Anti-)proton and (anti-)deuteron source + a target made of ALICE detector materials 
• Loss of (anti-)particles due to inelastic processes in detector material 
• low p: beam pipe, ITS, TPC (<Z> = 8.5, <A> = 17.4) 
• high p: beam pipe, ITS, TPC, TRD, SF (<Z> = 14.8, <A> = 31.8) 

• Loss of (anti-)particles due to scattering effects in ITS, TPC and TRD material 
• Multiple coulomb and hadron elastic scattering
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Variations of σel with simple Geant4 model
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Vary each σel by ±20% in all combinations and check the final ratio 
•σel contributes to scattering effects in ITS, TPC and TRD material  
• Only a minor effect on the ratio (≲1% for p̅ / p, ≲2% for ƌ / d) 

For final results: cross-check the variations with full ALICE MC simulations
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Variations of σinel with simple Geant4 model
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Ratios are sensitive to the variations of σinel(p̅) and σinel(ƌ) 
Re-scale σinel(p̅) and σinel(ƌ) to be ±1σ/±2σ away from experimentally measured ratio 
1σ = uncertainties added in quadrature: 
• Stat. and syst. uncertainties of the data 
• Uncertainty from primordial ratio (1.5% for p̅/p, 3% for ƌ/d) 
• Unc. from variations of σinel(p) and σinel(d) within precision of Geant4 parameterisations 
• Uncertainty from variations of elastic cross-sections


