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Introduction
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Anti-deuteron inelastic cross-section is 
poorly known at low energies 
• Only two measurements available, for 

pƌ = 13.3. and 25 GeV/c [1, 2] 
• Important input for various physics, 

e.g. indirect Dark Matter searches 
• Deuteron inelastic c.s. has been 

measured at low momentum [3] 

At the LHC, matter and anti-matter are produced in equal (and large) amounts  
• Use pp/p-Pb/Pb-Pb collisions as a source of (anti-)deuterons and ALICE detector 

material as a target 
• ALICE can reconstruct (anti-)deuterons in 0.5 < p < 4.0 GeV/c momentum range
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Idea of the current analysis*
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Analyse raw reconstructed anti-deuteron to 
deuteron ratios 
• No correction due to detector efficiency or 

absorption in detector material 
• Raw reconstructed ƌ/d ratio is sensitive to σinel(ƌ) 
• Benchmark with (anti-)protons since their cross-

sections are known much better
ITS

TPC

TRD
TOF

ƌ

d

Compare the obtained ƌ/d ratio to detailed MC 
simulations 
• Geant4 for the propagation of (anti-)particles 

through the detector material 
• By how much one should adjust the σinel(ƌ) in 

Geant4 in order to describe experimental ƌ/d ratio?

* Other ideas are also being explored, e.g. reconstruct the annihilation directly, 
compare ƌ yields in TPC and in TOF, extend the analysis to anti-3He, …
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ALICE material budget at mid-rapidity
Material at mid-rapidity for straight perpendicular tracks 

Averaged over φ
Centre of TPC sector

X0 ~ 12% X0 ~ 40%

radius (cm)
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Raw primary spectra
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Results from p-Pb collisions at 5.02 TeV, ~600 M events 
• (Anti-)particles are reconstructed either with ITS+TPC or with ITS+TPC+TOF 
• Drop in raw spectra for TOF analysis: efficiency + loss in additional detector material

→ TOF analysis → TOF analysis

Use these spectra to construct p̅/p and ƌ/d ratios and compare the results with MC 
• Reconstruction efficiencies cancel in ratio 
• (Anti-)protons as a benchmark, since their inelastic c.s. are known much better
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p̅/p ratio compared to MC simulations
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Raw p̅/p ratio
Raw p̅/p ratio compared to ALICE Monte Carlo simulations

Monte Carlo data: detailed simulation 
of ALICE detector performance 
• Same reconstruction algorithms as 

for experimental data 
• Propagation of (anti-)protons and 

interaction with matter with Geant4 
• Geant4 version used: 10.4.2, 

FTFP_INCLXX_EMV physics list

• Higher loss of anti-protons in 
detector material as expected

Geant4 in good agreement with experimental data in whole 
investigated momentum range
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ƌ/d ratio compared to MC simulations
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Raw ƌ/d ratio compared to ALICE Monte Carlo simulations

• Vary σinel (ƌ) in Geant4-based simulations until MC ratio is ±1σ 
or ±2σ away from experimental ratio → constraints on σinel(ƌ)

• Higher loss of anti-deuterons in 
detector material as expected

Monte Carlo data: detailed simulation 
of ALICE detector performance 
• Same reconstruction algorithms as 

for experimental data 
• Propagation of (anti-)deuterons and 

interaction with matter with Geant4 
• Geant4 version used: 10.4.2, 

FTFP_INCLXX_EMV physics list

Good description of experimental 
results with Geant4-based simulations

Raw ƌ/d ratio
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Geant4 inelastic c.s. for anti-nuclei

!8Anti-deuteron inelastic c.s. with ALICE | I. Vorobyev | Geant4 technical forum | 23.03.2020

Technische Universität München

Parameterisations are based on Glauber calculation as described in [1] 
• 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

Phys. Lett. B705, 235 (2011)

Implemented in G4ComponentAntiNuclNuclearXS::GetInelasticElementCrossSection()

points: Glauber 
lines: Geant4
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Variations of σinel in MC simulations
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1σ: all uncertainties on ratio added in quadrature 
• Stat. and syst. uncertainties of experimental data 
• Primordial anti-matter/matter ratio produced at the primary collision vertex 

• p̅/p = 0.984 ± 0.015, ƌ/d = 0.968 ± 0.030 
• Variations of σinel(p) and σinel(d) within the precision of Geant4 description (in back-up) 
• Variations of all elastic cross-sections by ±20%

Vary the σinel in Geant4 to see the effect on raw ratios 
• Almost linear dependence between σinel and raw ratio has been found

Variations of σinel(ƌ) in Geant4 Reconstructed ƌ/d ratio (toy MC)
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Constraints for σinel(p̅) with ALICE material
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σinel(p̅) has been estimated for an “averaged element” of ALICE detector material 
• Good agreement with Geant4 parameterisations as expected 
• Several measurements available for σinel(p̅) on different materials, good 

description with Geant4 parameterisations

σinel of (anti-)protons on carbon σinel(p̅) on averaged ALICE material

ITS+TPC+TOF analysis
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Constraints for σinel(ƌ) with ALICE material

!11Anti-deuteron inelastic c.s. with ALICE | I. Vorobyev | Geant4 technical forum | 23.03.2020

Technische Universität München

σinel(ƌ) has been estimated for an “averaged element” of ALICE detector material 
• Good agreement with Geant4 parameterisations for ITS+TPC+TOF analysis 

(0.9 <  pƌ < 4.0 GeV/c) 

ITS+TPC+TOF analysis)c (GeV/p
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σinel of (anti-)deuterons on carbon σinel(ƌ) on averaged ALICE material
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Constraints for σinel(ƌ) with ALICE material
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σinel of (anti-)deuterons on carbon σinel(ƌ) on averaged ALICE material

σinel(ƌ) has been estimated for an “averaged element” of ALICE detector material 
• Good agreement with Geant4 parameterisations for ITS+TPC+TOF analysis 

(0.9 <  pƌ < 4.0 GeV/c) 
• Hint for steeper rise of σinel(ƌ) at low momentum!

ITS+TPC analysis
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Conclusions and remarks
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Another request from ALICE: proper treatment 
of hypertriton in the propagation 
• Currently treated as a normal nucleus, but 

from its structure is more like a halo-nucleus                  
(→ enhanced energy loss) 

• If available, similar study as presented today 
will be possible for hypertriton in the future

ALICE experiment at CERN LHC as a tool to study anti-deuteron inelastic c.s. 
Analysis of raw reconstructed p̅/p and ƌ/d ratios 

• Good description of results with Geant4-based simulations 
• Constrain σinel(p̅) and σinel(ƌ) via comparison with Geant4-based Monte Carlo 

• Results for σinel(p̅) in good agreement with existing data 
• Constraints on σinel(ƌ) point at steeper rise at low momentum 

Work in progress towards the final results 
• Paper in preparation (currently under internal ALICE review)
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Back-up slides
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GEANT3/4 cross-sections for (anti-)deuterons

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 inelastic cross-sectionsGeant3
• 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 section→ 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: total antip-p cross-section

, where mN is the nucleon mass (GeV), s = Ecm2 (GeV2), and 

Parameters C, d1, d2 and d3 are 
determined from fit to exp. data [PDG]

Total antip-p cross-section parametrised as [1-3]:

1. J.R. Cudell, et al., COMPLETE Collaboration, Phys. Rev. D 65 (2002) 074024 
2. M. Ishida, K. Igi, Phys. Rev. D 79 (2009) 096003. 
3. A.A. Arkhipov, hep-ph/9909531, hep-ph/9911533, 1999

Phys. Lett. B705, 235 (2011)
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Geant4: elastic antip-p cross-section

Same formula, but with different parameters σasymp and C, d1, d2, d3

Parametrisation for elastic antip-p cross-section [1-3]:

1. J.R. Cudell, et al., COMPLETE Collaboration, Phys. Rev. D 65 (2002) 074024 
2. M. Ishida, K. Igi, Phys. Rev. D 79 (2009) 096003. 
3. A.A. Arkhipov, hep-ph/9909531, hep-ph/9911533, 1999

Phys. Lett. B705, 235 (2011)
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Geant4: Glauber calculations vs data
Lines are Glauber calculations, points are various exp. data
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Parametrisation used in GEANT4
Direct Glauber calculations in GEANT4 in a run-time mode are too heavy 
→ parametrise Glauber calculations with [1] :

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

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:

Phys. Lett. B705, 235 (2011)
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Anti-d and anti-p in pPb @ 5 TeV | I. Vorobyev | PAG Nuclei Exotica | 15.05.2019

Uncertainty due to σinel (proton) Proton inelastic cross sections
• Proton data on Be, B, C, O, Al, Fe, Cu, Ge, Sn, Pb

• Minimum χ2 and ±1σ: 𝟎. 𝟗𝟗𝟐𝟓−𝟎.𝟎𝟑𝟐𝟓+𝟎.𝟎𝟑𝟕𝟓

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

+1σ
min. χ2
-1σ

f = scaling factor of Geant4 cross sections

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 χ2 and ±1σ: 𝟎. 𝟗𝟗𝟐𝟓−𝟎.𝟎𝟑𝟐𝟓+𝟎.𝟎𝟑𝟕𝟓

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

+1σ
min. χ2
-1σ

f = scaling factor of Geant4 cross sections

!21

Scaling factor for Geant4 σinel (proton)



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

• Minimum χ2 and ±1σ: 𝟏. 𝟎𝟏𝟕𝟓−𝟎.𝟎𝟒𝟕𝟓+𝟎.𝟎𝟔𝟐𝟓

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

• For Sn and Pb Geant4 clearly underestimates the
data

• Calculate χ2 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. χ2
-1σ

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

• Minimum χ2 and ±1σ: 𝟏. 𝟎𝟏𝟕𝟓−𝟎.𝟎𝟒𝟕𝟓+𝟎.𝟎𝟔𝟐𝟓

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

• For Sn and Pb Geant4 clearly underestimates the
data

• Calculate χ2 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. χ2
-1σ
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Anti-d and anti-p in pPb @ 5 TeV | I. Vorobyev | PAG Nuclei Exotica | 15.05.2019

Uncertainty due to σinel (deuteron) 
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 

• Agreement is worse for Sn and Pb

!22

Scaling factor for Geant4 σinel (deuteron)
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Anti-d and anti-p in pPb @ 5 TeV | I. Vorobyev | PAG Nuclei Exotica | 15.05.2019

Total uncertainties on raw ratios

!23

Anti-deuteron inelastic cross-section in p–Pb at
p

sNN = 5.02 TeV 45

c, GeV/p
0 0.5 1 1.5 2 2.5 3 3.5 4

U
nc

er
ta

in
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Total uncertainty
Data (stat.)
Data (syst.)
Primordial ratio

(p)inelσ
20%± elσ

c, GeV/p
0 0.5 1 1.5 2 2.5 3 3.5 4

U
nc

er
ta

ity

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
Total uncertainty
Data (stat.)
Data (syst.)
Primordial ratio

(d)inelσ
20%± elσ

Fig. 62: Summary of all uncertainties used for the constraints on s
inel

(p̄) (left) and on s
inel

(d̄) (right). For the total
uncertainty, individual sources are added in quadrature.

using the results from Fig. 58, one can convert now the experimental ±1s and ±2s limits into the cor-631

responding limits for inelastic interaction cross-sections of anti-protons and anti-deuterons. This is done632

under the assumption of linear dependence between the anti-particle to particle ratios and the inelas-633

tic cross-sections of anti-deuterons and anti-protons (see Section 9 for the validation of this assumption).634

Since the agreement between the simple Geant4 model and full ALICE Monte Carlo simulations is found635

only in the “TOF analysis” range (p > 0.7GeV/c for p̄/p and p > 1.4GeV/c for d̄/d), the corresponding636

constraints on inelastic cross-sections have been also extracted only in these momentum ranges (Fig. 64).637

The results are obtained for an element averaged over the ALICE detector materials from the primary638

collision vertex up to the TOF detector (with Z = 11.9 and A = 25.5).639
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Fig. 63: Raw p̄/p (left) and d̄/d (ratios) ratios in full ALICE Monte Carlo simulations in comparison with the
experimental ±1s and ±2s limits.
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) scaling factord(inelσ / d ratio vs d

• Vary σinel(ƌ) in simple Geant4 model from 0 to 200% 
• Central value is scaled by hand to match full MC simulations 
• Relative change of ƌ / d is in good agreement with full MC 

• Almost no deviation from linear dependence in whole σinel(ƌ) range 
• Constraints on σinel(ƌ) are extracted from full MC simulations (magenta line)

Simple Geant4 model is scaled by 
hand to match full MC simulations

0.7 < p < 0.8 GeV/c

Resulting constrains on σinel(ƌ)
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c < 1.8 GeV/p1.7 < 
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) scaling factord(inelσ / d ratio vs d

• Vary σinel(ƌ) in simple Geant4 model from 0 to 200% 
• Some deviation from linear dependence, but very close to linear inside ±2σ limits 
• Constraints on σinel(ƌ) are extracted from full MC simulations (magenta line) 
Ratio is much more sensitive to σinel(ƌ) variations than at low p! (much steeper slope) 
• Motivation for the TOF (anti-)deuteron analysis starting from lower p

1.7 < p < 1.8 GeV/c

Simple Geant4 model is 
NOT scaled by hand to 
match full MC simulations!

Resulting constrains on σinel(ƌ)
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Large Hadron Collider as an anti-matter factory
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At LHC energies, matter and anti-matter are produced in almost equal amounts
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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-

[1]     Phys. Rev. C 97, 024615 (2018)

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

• (Anti-)deuterons interact inelastically with detector material - this can be quantified!

This talk: results from p-Pb collisions at 
√sNN = 5.02 TeV, ~300 M events
Extrapolations for √sNN = 5.02 TeV: 
• p̅/p: R = 0.984 ± 0.015 
• → ƌ/d: R = 0.968 ± 0.030 (ƌ/d ~ (p̅/p)2)
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Large Hadron Collider as an anti-matter factory
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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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Nd〈
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R
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io
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 = 900 GeVs, ALICE pp p/d
 = 2.76 TeVs, ALICE pp p/d
 = 7 TeVs, ALICE pp p/d

, EPOS (LHC)*p/d* with afterburner

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
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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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At LHC energies, particles and anti-particles are produced in almost equal amounts 
• Protons and deuterons: only ~5% and ~0.005% of all charged particles 

• Penalty factor of ~1000 to produce one additional nucleon (in pp collisions)

x 1/1000

x 1/1000

(Anti-)deuteron momentum spectra in pp collisions [1] Integrated yield at mid-rapidity [1]

1) Phys. Rev. C 97, 024615 (2018)
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ALICE detector material as a target
Material budget at mid-rapidity: 
• Beam pipe (~0.3% X0): beryllium 
• ITS (~8% X0): silicon detectors, carbon 

supporting structures 
• TPC (~4% X0): Ar/CO2 gas (88/12), 

nomex field cage 
• TRD (~25% X0): carbon/polypropylene 

fibre radiator, Xe/CO2 gas, carbon 
supporting structures 

• Space frame (~20% X0 between TPC 
and TOF detectors): stainless steel

ITS

TPC

TRD
TOF

ƌ

d
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Tables of detector materials
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Anti-deuteron inelastic cross-section in p–Pb at
p

sNN = 5.02 TeV 71

D Detector Materials774

The following Tables show the materials used as a target in simple Geant4 model (Section 7).775

Table D.1: List of ITS materials

Material Thickness, mm

SPD C (M55J) 0,9955
SPD Bus 0,6484
SPD C shield 1,336
SPD Kapton 0,1522
SPD Si chip 0,4348
SSD C (M55J) 1,2834
SDD C (M55J) 0,513
SDD X7R Weld 0,0153
SDD Kapton 1,187
SDD Si insensitive 0,1168
SDD Si 1,811
SDD Si chip 0,0773
SDD C Al (M55J) 0,678
SDD X7R capacitor 0,0032
SDD ruby 0,0244
Air 502,1
Water 0,3122
Rohacell 15,401
RYTON 0,0775
Nickel 0,0102
ITS Sn 0,0017
Copper 0,0248
STD Glass 0,0066
GEN C 0,344
Al 0,396
KaptonH (POLYCH2) 0,139
Ceramics 0,0305
G10Fr4 0,04135
NiSn 0,0107
Inox 0,0966
Freon 0,290
EPOXY 0,2134

72 ALICE Analysis Note 2019

Table D.2: List of TPC materials [12, 13]

Material Thickness, mm

Aluminium 0,2
Tedlar 0,4
Prepreg 2,4
Nomex 90
CO2 300
Macrolon rods 2,32
Ar/CO2 (90/10) 1700

Fig. D.1: List of materials of a single TRD readout chamber [1]

.

72 ALICE Analysis Note 2019

Table D.2: List of TPC materials [12, 13]

Material Thickness, mm

Aluminium 0,2
Tedlar 0,4
Prepreg 2,4
Nomex 90
CO2 300
Macrolon rods 2,32
Ar/CO2 (90/10) 1700

Fig. D.1: List of materials of a single TRD readout chamber [1]

.
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Estimation of p* for anti-deuterons
• As estimation for p*: use last available momentum in Track Refs 

• ITS-TPC analysis: if particle didn’t reach TRD, store pVTX or pITS or pTPC 
• TOF analysis: if particle didn’t reach TOF, store pVTX or pITS or pTPC or pTRD 

• Black points/errors: profile of 2d map (mean ± RMS)
TOF analysisITS-TPC analysis

p*
 / 

p

p, GeV/c p, GeV/c

• These maps are used for transformation p → p* 
• Significant uncertainties, inelastic interaction happens at various momenta p* < p
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Transformation p → p* for σinel(ƌ) (TOF analysis)
• No correction for p → p* (consistent with upper uncertainties on the left) 

• “MIN” parameterisation (minimal effect for p → p*)
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MIN parameterisation
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Transformation p → p* for σinel(ƌ) (TOF analysis)
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• Using mean values for p → p* (black points on the left) 
• “MEAN” parameterisation (average effect for p → p*)

MEAN parameterisation
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Transformation p → p* for σinel(ƌ) (TOF analysis)
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• Using lower uncertainties for p → p* 
• “MAX” parameterisation (maximal effect for p → p*)

MAX parameterisation
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Transformation p → p* for σinel(ƌ) (TOF analysis)
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• Different parameterisations should be taken into account as uncertainty 
• In principle uncertainty along x axis

All 3 parameterisations
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Transformation p → p* for σinel(ƌ) (TOF analysis)

p*
 / 

p

p, GeV/c *

• Different parameterisations should be taken into account as uncertainty 
• In principle uncertainty along x axis

All 3 parameterisations

Draw constraints on σinel(ƌ) so that the results include possible uncertainty from p → p* 
• Momentum range: according to MEAN transformation 
• For constraints on σinel(ƌ): take the widest band from 3 parameterisations
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Transformation p → p* for σinel(ƌ) (ITS-TPC analysis)
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All 3 parameterisations

• Different parameterisations should be taken into account as uncertainty 
• In principle uncertainty along x axis
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Transformation p → p* for σinel(ƌ) (ITS-TPC analysis)

p*
 / 

p

p, GeV/c *

All 3 parameterisations

• Different parameterisations should be taken into account as uncertainty 
• In principle uncertainty along x axis

Draw constraints on σinel(ƌ) so that the results include possible uncertainty from p → p* 
• Momentum range: according to MEAN transformation 
• For constraints on σinel(ƌ): take the widest band from 3 parameterisations


