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Light antinucleus yields are calculated in a multiphase transport model coupled with a dynamical coalescence
model. The model is tuned to reproduce the transverse momentum and rapidity distributions of antiproton in pp
collisions at

√
s = 7.7 GeV to 7 TeV. By applying a widely used cosmic-ray propagation model, the antinucleus

fluxes near the earth are estimated over a broad range of kinetic energies. Our result on the antideuteron flux is
consistent with the calculations in the literature, while our upper limit on the antihelium-3 flux sits in-between
calculations in the field that span an order of magnitude in its value. This study suggests that further accurate
estimation of secondary antihelium-3 flux could be improved with more ground-based experiments and model
simulations. Most importantly, our value of antinucleus background from hadronic source is far below the
projected sensitivity of AMS-02 with five years of integration time, which supports the idea of searching for
new physics by measurements of light antinuclei in upcoming decade.

DOI: 10.1103/PhysRevC.105.065801

I. INTRODUCTION

Searching for antinuclei in cosmic rays, which may be
produced in the annihilation or decay of dark matter but are
rarely produced in hadronic interactions, is among some of
the promising breakthroughs in the search for dark matter
[1]. Experiments such as AMS-02 [2], DAMPE [3], or GAPS
[4] with their detectors in earth orbit or in balloons flying in
the sky have been hunting for their signal in our galaxy. The
flux of antiprotons in cosmic rays has been measured [5,6].
However, no antideuteron event has ever been detected. To
date, AMS-02 has reported the observation of eight antihelium
candidate events with rigidity (momentum per charge) below
50 GV, from a sample of 700 million selected helium events
[7]. Among reported antihelium events, six have masses in the
range of antihelium-3, and two have masses in the range of
antihelium-4. Although the detection of antihelium in cosmic
rays has not been confirmed and officially published except in
the earth-based heavy-ion experiments [8,9], it has prompted
many theoretical works on its implications for dark matter
models and the predicted antideuteron and antiproton fluxes.

To assess whether any antinucleus candidates are from the
dark matter source, their background from standard astro-
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physical and hadronic processes should be precisely evaluated
[10,11]. In these processes, antinuclei are produced when
cosmic-ray protons or antiprotons interact with the interstellar
matter (ISM) [10]. Since the majority of matter in interstellar
gas is hydrogen, these processes are just like antinuclei pro-
duction in pp collisions. It is crucial to distinguish secondary
antinuclei from the signal candidates due to the dark matter.
To obtain the cross sections for production of antinuclei in pp
collisions, the coalescence model together with the kinematic
distributions from Monte Carlo generators are usually used.
The flux of antinuclei near the earth from these processes
can be simulated after their propagation in the galaxy. Several
model calculations [12–16] have been done by following this
procedure to predict the flux of antinuclei due to backgrounds
from cosmic rays. The obtained flux can be compared with
that from the antihelium candidate events in AMS-02 data.
Reference [13] predicted that this background of antihelium-3
flux is one or two orders of magnitude higher than most earlier
estimations, which may indicate that the antihelium candidate
events in AMS-02 data can come from the collisions of back-
ground cosmic rays. However, these calculations usually use
a naive momentum-space coalescence model. In this model,
the cross section of a nucleus with atomic mass number A is
calculated directly from the cross sections of its constituent
nucleons:

EA
d3σA

dk3
A

= BA

(
Ep

d3σp

dk3
p

)Z(
En

d3σn

dk3
n

)N

, (1)

where Z and N are, respectively, the proton number and
the neutron number of nucleus A, and kA, kp, kn are the
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corresponding momenta. Equation (1) relies on the coales-
cence factor BA, which is usually taken from measurements
in pp collisions at LHC energies [17]. Because of the steep
energy spectrum of cosmic rays [18,19], a majority of the
cosmic-ray protons are in lower energies. Thus, it is im-
portant to study the production of antinuclei at low-energy
pp collisions. Recently, the NA61/SHINE collaboration has
measured the antiprotons momentum spectra of antiparticles
from pp collisions at

√
s = 7.7 GeV to 17.3 GeV [20]. It pro-

vides an important dataset to calibrate the momentum spectra
of antinuclei from antinucleon coalescence in low-energy pp
collisions.

In this work, we calculate the fluxes of antiproton, an-
tideuteron, and antihelium-3 in cosmic rays. A multiphase
transport model (AMPT) [21] is applied to generate the full
phase-space density of antiproton and antineutron in pp col-
lisions. For the coalescence scenario, we use the dynamical
coalescence model, which does not rely on the coalescence
factor BA, to calculate the energy distributions of antideuteron
and antihelium-3. Their fluxes in cosmic rays are then deter-
mined by using the cosmic-ray (CR) grammage model [22]
with the inclusion of the solar modulation.

II. ANTINUCLEUS FORMATION

Most of the secondary antinuclei are produced in pp col-
lisions of the cosmic ray with the ISM. We use the AMPT

model (v2.31t1) to generate the full phase-space density of
antiprotons and antineutrons in such scenario. The AMPT

model applies the kinetic theory approach to describe the
evolution of heavy-ion collisions as it contains four main com-
ponents: the fluctuating initial condition, partonic interactions,
hadronization, and hadronic interactions [21,23]. It has been
widely used to simulate the evolution of the dense matter
created in high energy nuclear collisions. In particular, the
string melting version of the AMPT model can describe well
the anisotropic flows and particle correlations in collisions of
pp, pA, or AA systems at RHIC and LHC energies [24–32].
The key parameters in the Lund string fragmentation for gen-
erating the initial conditions for the AMPT model are set to
aL = 0.5 and bL = 0.9 GeV−2, respectively. To describe pro-
ton and antiproton production in low-multiplicity collisions,
the parameter rBM, which controls the baryon-to-meson yield
ratio, is set to 0.55 at LHC energies [33,34]. This parameter
is tuned to 0.75 in this study to describe the low-energy data
[20].

Figure 1 shows the AMPT results for the transverse mo-
mentum pT spectra of proton and antiproton at midrapidity
(|y| < 0.5) in pp collisions at

√
s = 900 GeV, 2.76 TeV, and

7 TeV. Experimental data [35–37] are shown for comparison.
The AMPT model describes experimental data reasonably well
up to pT ≈ 2.8 GeV/c. It overpredicts the data at higher pT

which has negligible contributions in our calculations to the
total yields given the steep fallen spectra.

Figures 2 and 3 show the AMPT results for the pT and y
distributions of antiprotons in pp collisions at

√
s = 7.7, 8.8,

12.3, and 17.3 GeV, together with the experimental results
[20]. In these lower collision energies, as aforementioned, the
rBM value in AMPT model is changed to 0.75 to match the
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FIG. 1. Transverse momentum distributions of proton and an-
tiproton at midrapidity from pp collisions at

√
s = 900 GeV, 2.76

TeV, and 7 TeV. Curves and points are AMPT model calculations and
experimental data [35–37], respectively. For clarity, distributions for
different energies are scaled by a factor of two.

charged particle rapidity density distributions. Thus the AMPT

model can reproduce well the measured antiproton yield both
in transverse and longitudinal direction. These momentum
distributions together with the spatial distributions of antipro-
tons and antineutrons are used for calculating antinuclear
production.

Productions of antideuteron and antihelium-3 are calcu-
lated by the dynamical coalescence model, which has been
used successfully in describing the nuclei data in heavy-ion
collisions [38–42]. In this model the multiplicity of a nucleus
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FIG. 2. Similar to Fig. 1 but for antiproton pT spectra in pp
collisions at

√
s = 7.7 GeV, 8.8 GeV, 12.3 GeV, and 17.3 GeV from

the AMPT model (solid lines) in comparison with experimental data
(solid points) [20].
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FIG. 3. Rapidity density distributions of antiproton in pp colli-
sions at

√
s = 7.7, 8.8, 12.3, and 17.3 GeV from AMPT model (solid

lines) in comparison with experimental data (solid points) [20].

with atomic mass number A is calculated from

NA = gA

∫
dri1 dqi1 · · · driA−1 dqiA−1

×
〈 ∑

ρW
i

(
dri1 , dqi1 , . . . , driA−1 , dqiA−1

)
, (2)

where r and q are the relative coordinates and momenta
among nucleons in the light nucleus rest frame, and ρW

i
is the Wigner phase-space density of the formed nucleus.
gA = (2JA + 1)/2A is the statistical degeneracy factor for the
nucleus, which is 3/4 and 1/4 for deuteron and helium-3,
respectively.
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FIG. 4. Similar to Fig. 1 but for antideuteron pT spectra. Curves
are results from AMPT coupled with a dynamical coalescence model,
and points are experimental data [17].

The wave function of a deuteron can be taken to be

ψ (r1, r2) = 1/
(
πσ 2

d

)3/4
exp

[−r2/
(
2σ 2

d

)]
, (3)

where r = r1 − r2, and σd = 2√
3
rd with rd = 1.96 fm being

its radius. Then the Wigner phase-space density function of
deuteron can be obtained as

ρW
d (r, k) =

∫
ψ

(
r + R

2

)
ψ∗

(
r + R

2

)
exp (−ik · R)d3R

= 8 exp

(
−ρ2

σ 2
d

− σ 2
d k2

)
, (4)

where k = (k1 − k2)/
√

2 and ρ = (r1 − r2)/
√

2.
For helium-3, the wave function is

ψ (r1, r2, r3) = (3π2b4)−3/4 exp

(
−ρ2 + λ2

2b2

)
, (5)

The Wigner phase-space density function of helium-3 is

ρW
3 =

∫
ψ

(
ρ + R1

2
, λ + R2

2

)
ψ∗

(
ρ − R1

2
, λ − R2

2

)

× exp (−ikρ · R1) exp (−ikλ · R2)33/2d3R1d3R2

= 82 exp

(
−ρ2 + λ2

b2
− k2

ρb2 − k2
λb2

)
, (6)

where kρ = 1√
6
(r1 + r2 − 2r3), kλ = 1√

6
(k1 + k2 − 2k3),

and b = r3He = 1.74 fm, with r3He being the radius of
helium-3.

These formulas and parameters are used in the calculations
of antideuteron and antihelium-3. In our approach, the an-
tideuteron is formed by the coalescence of an antiproton and
an antineutron with their phase-space information obtained
from the AMPT model. Figure 4 represents the pT spectra
of antideuteron by the dynamical coalescence model in pp
collisions at LHC energies. The AMPT model coupled with
a dynamical coalescence model reproduces the antideuteron
pT spectra well [17]. Figure 5 shows the yield ratio of an-
tideuteron to antiproton over a broad range of collision energy√

s. It shows that the measured yield of antideuteron can also
be reproduced at low energies.

Figure 6 shows the pT spectrum of antihelium-3 in pp
collisions at

√
s = 7 TeV from our calculation in compari-

son with experimental data [17]. Our results reproduce the
antihelium-3 pT spectra at

√
s = 7 TeV. The A = 3 antinu-

cleus measurements in laboratory are limited. Measurements
are usually performed in pA or AA reactions [43–47]. Data
in pp collisions are scarce and only available at TeV energies
[17,48,49]. We thus do not have the chance to test our model
calculation at lower collision energies below TeV. We will
discuss its impact in Sec. IV.

III. ANTINUCLEUS PROPAGATION

In this work we calculate the propagation of antinuclei
in cosmic rays by the CR grammage model [13,22]. It is
assumed in this model that the local density of cosmic rays at a
given rigidity (momentum per charge) is proportional to their
local generation rate. In this CR grammage model without
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FIG. 5. Collision energy
√

s dependence of the antideuteron
yield to antiproton yield ratio. Curve represents the results from
AMPT coupled with a dynamical coalescence model, and points are
experimental data [50–53].

spallation loss, any local densities of two stable cosmic rays 1
and 2 at a given rigidity are related by the equation:

n1

n2
= Q1

Q2
, (7)

where ni and Qi are the density and the local production rate
of the secondary i. Qi is given by

Qi =
∑
j �=i

n j
σ j→i

mp
cρISM, (8)

where σ j→i is the production cross section of the secondary
nucleus i from the parent nucleus j, c is the velocity of light,
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FIG. 6. Transverse momentum spectrum of antihelium-3 at
midrapidity from pp collisions at

√
s = 7 TeV. Dotted curve repre-

sents the model calculation and points are experimental data [17].

and ρISM is the density of ISM. The production rate from the
source of antinuclei, which are from the collisions of primary
protons in the cosmic ray with the ISM, can be written as

Qi = 4πnISM

∫ ∞

Tmin

dTj
dσ j→i(Tj, Ti )

dTi
φ j (Tj ), (9)

where nISM is the density of ISM gas. Here we use nH =
1 cm−3 for the hydrogen. The different cross section σ j→i for
antinuclei produced at different energy Ti follows

dσ j→i(Tj, Ti )

dTi
= σ ji,inel

dNi(Tj, Ti )

dTi
, (10)

where σ ji,inel is the total inelastic cross section for a proton
with kinetic energy Tj reacts with a “fixed-target” proton
in ISM, and it can be obtained from the measurements in
p + p collisions in the laboratory [54]. dNi(Tj, Ti )/dTi is the
kinetic-energy distribution of secondary antinuclei which are
calculated by the AMPT model coupled with a dynamical co-
alescence model as aforementioned. The φ j (Tj ) is the flux of
cosmic-ray protons which can be obtained by parametrizing
the primary cosmic-ray flux from space-based experimental
measurements [18,19]:

φ(T ) = aT −γ
( T

T + b

)c N∏
i=1

f (Tbi,	yi, s), (11)

where

f (Tb,	y, s) =
[

1 +
( T

Tb

)s]	γ/s

. (12)

Following Ref. [12], we take parameters for fits of the
proton flux with N = 2, a = 26714 m2s sr/(GeV/n), b =
0.49 GeV/n, c = 6.81, γ = 2.88, Tb1 = 343 GeV/n, Tb2 =
19 503 GeV/n, 	γ1 = 0.265, 	γ2 = −0.264, and s = 5.

Since particles propagate in the same manner, values of
Q1/Q2 are the same for certain cosmic rays 1 and 2. Equa-
tion (7) can then be rewritten as

ni(ε) = Qi(ε)

cρISM
Xesc(ε/Z ), (13)

where ε is the energy of the particle and Z is the proton
number of a nucleus. Xesc is the grammage function that
parametrizes the column density of target material traversed
by the cosmic rays and is the same for all species.

Taking into consideration of the spallation of the cosmic
nuclei, we introduce the net production rates Q̃i,

Q̃i = Qi

cρISM
− niσi

mp
, (14)

where σi is the cross section for destruction of the cosmic
ray per ISM nucleon and it is estimated by σi ≈ 40A0.7

i mb
[22], with Ai being the mass number of the nucleus i. After
the source term is replaced and the density of secondary i is
rewritten in Eq. (13) as

ni(ε) = Q̃iXesc(ε/Z ), (15)

the density is then given by

ni = XescQi/(ρISMc)

1 + (σi/mp)Xesc
. (16)
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FIG. 7. Flux of kinetic-energy distribution of antiprotons mul-
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The parametrization of Xesc can be obtained by fitting to vari-
ous experimental measurements of cosmic rays [22],

Xesc ≈ 8.7
( ε

10Z GeV

)−0.5
g cm−2. (17)

The flux of the secondary antinuclei produced by cosmic-
ray protons interacting with ISM can be calculated with

φi = vni/4π = βc
Qi

4π

Xesc/(cρISM)

1 + (σi/mp)Xesc
. (18)

The flux of a given cosmic ray can be modulated by the
solar effects. Here we follow the classic formula [55]:

J (E ) = E2 − m2

(E + |Z|�)2 − m2
φi(E + |Z�|), (19)

where E and m are the energy and mass of the nucleus,
respectively, and φi is the flux without the solar modulation.
The modulation parameter is set to � = 450 MV [55].

IV. RESULTS AND DISCUSSIONS

According to Eq. (9), the antinucleus production is from
collisions between ISM and cosmic-ray protons with a contin-
uous energy spectra. In our calculation, we divide the energy
spectra into three bins with different center-of-mass energies
of 7.7, 17.3, and 53 GeV, to represent the low-, moderate-, and
high-energy regions, respectively. Figure 7 shows our calcu-
lations of the antiproton flux multiplied by T 2.7 near the earth
from pp collisions in cosmic rays. It is seen that the

√
s = 53

GeV collision describes the high energy antiproton flux, while
for the low kinetic-energy region,

√
s = 7.7 GeV generates

two order of magnitude higher flux and describes the data
well. The sum of different collision energies reproduces the
antiproton flux measured in space [18]. This serves as an
important validation to support the predictive power of our
current calculation method. It also suggests that indirect dark
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FIG. 8. Flux of kinetic-energy distribution of antideuteron near
earth produced from our calculation (lines) in comparison with other
calculations (band). The red, green, and blue lines show our results
in pp collisions at

√
s = 7.7, 17.3, and 53 GeV, respectively, and the

black line is a sum of the three calculations. Pink band and orange
band present results from Ref. [13], and Ref. [14], respectively.

matter searches using antiprotons suffer from relatively high
astrophysical background. Searching for a dark matter signal
in the antiproton flux is thus challenging.

Figure 8 shows the antideuteron flux from the AMPT model
coupled with a dynamical coalescence model. The flux at each
collision energy shows a similar kinetic energy distribution as
the flux of antiprotons [cf. Fig. 7]. Our results are consistent
with estimates in Refs. [13] and [14] within uncertainties. The
maximum flux of antideuteron from pp collisions in cosmic
rays corresponds to a kinetic energy of about 6 GeV/nucleon.
Since the kinetic energy distribution of predicted dark matter
signal also drops fast [11], our calculation suggests that it
is optimal to hunt for antideuteron in a lower kinetic-energy
region.

Figure 9 presents the flux of antihelium-3 in cosmic rays.
Since we can only confirm that the production cross sec-
tion and momentum distribution of antihelium-3 from our
calculations reproduce the experimental data in pp collisions
at TeV energies [17]. Per model calculations, the cross sec-
tion of antihelium-3 increases with collision energies and
reaches its maximum value at high energies [41]. Our calcu-
lation can be regarded as an upper limit of our study. We note
that our upper limit is lower than the calculation in Ref. [13]
(pink band) and is higher than the result in Ref. [14] (orange
band). Since we follow the procedure for treating cosmic-ray
propagation in Ref. [13], the flux difference between ours and
Ref. [13] are mainly from the production cross section or the
detailed coalescence treatment where our calculation relies
on the dynamical distributions of antiprotons and antineu-
trons. Also, different antihelium fluxes have been obtained
with hadronization models EPOS-LHC and DPMJET [15]. For
quantitative estimation on the uncertainty level, we calibrate
the calculation at low kinetic energy with the antihelium-3
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FIG. 9. Solid lines represent the flux of kinetic energy distri-
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section data at TeV energy [56]. The black dash-dotted line indicates
the sensitivity of AMS-02 with five years of integration time [57].

cross section data for a 70 GeV proton hitting an Al target,
where the antihelium-3 to antideuteron ratio is presented in
Ref. [43]. Antihelium-3 flux obtained in this way is found to
be lower than the upper limit at low kinetic energy by one
order of magnitude.

In Ref. [56], the ALICE Collaboration has reported their
calculation of antihelium-3 flux, which is corrected for the ab-
sorption cross section of antihelium-3 in the ALICE detector.
This estimate, shown as the red dashed line, is lower than the
one of Ref. [13] and is close to our result at high kinetic energy
(T � 10 GeV/nucleon). However, our result is about one to
two order of magnitude higher than the ALICE results at
low kinetic energy (T � 10 GeV/nucleon). The absorption of
antihelium-3 occurs mainly in the low kinetic-energy region
[56] and is less than a factor of two in the currently discussed
kinematic range. It is unlikely that the difference between our
result and that from Ref. [56] is due to absorption. It suggests
that the antihelium-3 from background pp collisions in cosmic
rays is large in low kinetic-energy region. Nevertheless, our
result is lower than the projected sensitivity of the AMS-02
after five years of operation [57] by one to two orders of
magnitude. By comparison with the antihelium-3 fluxes from
dark matter predicted in model calculations [11], our result

is lower than theirs by one to three orders of magnitude in
the low-kinetic-energy region. These arguments support the
idea to search for a dark matter signal by antinucleus detection
in space in the low-kinetic-energy region. Further systematic
study on the existing AMS-02 events [7] or future experiments
with detector upgrades such as AMS-100 [58] or GAPS [4]
are promising. Measurements of antinucleus production in
low energy pp collisions and understanding the detailed pro-
duction mechanism are important ingredients for improving
the predictive power of secondary antinucleus flux in cosmic
rays.

V. SUMMARY

In summary, the flux distributions of antiproton, an-
tideuteron, and antihelium-3 from the background pp colli-
sions in cosmic rays are studied. The AMPT model is applied
to generate the momentum spectra and spatial distributions
of antiproton and antineutron in pp collisions. It is tuned to
reproduce the pT spectra of protons and antiprotons in pp
collisions at CERN Large Hadron Collider energies, and the
pT and rapidity distributions of antiprotons at CERN Super
Proton Synchrotron energies. A dynamical coalescence model
is then applied to calculate the spectra of antideuterons and
antihelium-3. It is found that these calculations describe the
pT spectra of antideuteron at LHC energies and the yield ratio
of antideuterons to antiprotons over broad energies. Finally,
the CR grammage model with solar modulation is used to
estimate the antinucleus fluxes in cosmic rays. With success-
ful reproduction of the antiproton flux measured by space
detection, our prediction for antideuteron flux is consistent
with calculations in the literature. However, our upper limit
of antihelium-3 flux sits between different estimations and is
lower than the projected sensitivity of AMS-02 experiment by
one to two order of magnitude. Our study of potential back-
ground sources from hadronic processes supports the search
for dark matter signature via detection of antinuclei in the
cosmos.
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