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Antihelium candidates by AMS-02

● antihelium-3 and antihelium-4 candidates have been identified

● massive background simulations are carried out to evaluate significance

● more data are needed
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• 3
He (6) and

4
He (2) candidates have been identified by AMS-02.

The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.

The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,

while probability of background origin should decrease.
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A word of caution though

• AMS-02 has not yet published any He analysis. An up-date should be
presented next July at COSPAR – see V. Choutko’s talk.

• But we should not refrain ourselves from exploring the consequences of
these putative events. Observation and theory nurture each other.

• Dark Matter has triggered a hectic activity and has been systematicaly
hunted for. It may be time now to devote some attention to anti-matter.
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Production rate for CR secondaries
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The essential motivation in looking for antimatter cosmic rays

Dark Matter particles could be the major component of the haloes of galaxies. Their
mutual annihilations or decays would produce an indirect signature under the form of
high-energy cosmic rays.
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Positron constraints on cosmic ray propagation
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The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.
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while probability of background origin should decrease.
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= BA

⇢
Ep̄

�in

d
3
�p̄

d 3kp̄

�Z⇢
En̄

�in

d
3
�n̄

d 3kn̄

�A�Z

3

coalescence ⌘ fusion of p̄ & n̄ into d̄, 3He or 4He

d
3Nd̄ (K) =

Z
d
6Np̄,n̄ {k1,k2}⇥C(�)⇥�

3(K� k1 � k2)

2� = k1 � k2

B2 =
Ed̄

Ep̄En̄

Z
d
3� C(�) ' md̄

mp̄mn̄

⇢
4

3
⇡ p

3

0
⌘ ⇡

6
p
3

coal

�

||�||  p0

B2 =
Ed̄

Ep̄En̄

Z
d
3� C(�)

B2 =
md̄

mp̄mn̄

⇢
4

3
⇡ p

3

0

�

coalescence momentum p0 = pcoal/2

Coalescence factor B2

Ed̄

�in

d
3
�d̄

d 3K
= B2

⇢
Ep̄

�in

d
3
�p̄

d 3k1

� ⇢
En̄

�in

d
3
�n̄

d 3k2

�

Coalescence factor BA

EĀ
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•
3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.
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•
3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.
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Production of light nuclei and anti-nuclei in pp collisions ALICE Collaboration

and anti-deuterons are compatible and do not show any significant dependence on the center-of-mass
energy within uncertainties. These measurements extend the pT reach up to three times beyond previous
measurements in pp collisions extracted from the CERN ISR [11, 12, 51] (Figure 9).
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Fig. 8: Coalescence parameter (B2) of deuterons (solid circles) and anti-deuterons (hollow circles) as a function
of pT per nucleon in inelastic pp collisions at

p
s = 0.9, 2.76 and 7 TeV. Statistical uncertainties are represented by

error bars and systematic uncertainties by boxes.

To extract the B2 from the CERN ISR, the anti-proton distribution was taken from [51] and the total
cross section of 42.3±0.4 mb from [52]. The distribution was also scaled by a factor of 0.69, estimated
with an EPOS (LHC) simulation [43, 53], to take into account the feed-down contribution. Figure 9 also
includes the B2 parameter of anti-deuterons from gp collisions and deep inelastic scattering of electrons
at HERA [14, 50] and B2 from p–Cu and p–Pb collisions at Bevalac [1]. Our measurement reveals a
pT dependence in B2 not seen in previous experiments, which is significant given that the systematic
uncertainties are correlated bin by bin.

This pT dependence can be reproduced with QCD-inspired event generators, such as PYTHIA 8.2
(Monash tune) [54] and EPOS (LHC), when adding a coalescence-based afterburner [43] that takes into
account the momentum correlations between nucleons (Figure 10). The afterburner looks for clusters
of nucleons among the final particles produced by the event generators and boosts them to their center-
of-mass frame. If the momentum of each individual nucleon is less than a certain value a nucleus is
generated. With the afterburner, a constant B2 is recovered when selecting protons from one event and
neutrons from the next event (event mixing), in agreement with the expectation of an uncorrelated distri-
bution of nucleons (Figure 10). The pT dependence in B2 is still present in the results from an alternate
PYTHIA 8.2 (Monash tune) simulation with color reconnection turned off (Figure 10). Furthermore, a
radial flow effect in B2 at these low average charged multiplicities is also discarded by the EPOS (LHC)
simulation with the afterburner, since this contribution only arises in high multiplicity events, starting
from dNch/dh > 15 [53]. Thus, this pT dependence can be explained as a purely hard scattering effect,
in contrast to AA collisions, where it is usually attributed to collective flow.
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•
3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.
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and anti-deuterons are compatible and do not show any significant dependence on the center-of-mass
energy within uncertainties. These measurements extend the pT reach up to three times beyond previous
measurements in pp collisions extracted from the CERN ISR [11, 12, 51] (Figure 9).
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To extract the B2 from the CERN ISR, the anti-proton distribution was taken from [51] and the total
cross section of 42.3±0.4 mb from [52]. The distribution was also scaled by a factor of 0.69, estimated
with an EPOS (LHC) simulation [43, 53], to take into account the feed-down contribution. Figure 9 also
includes the B2 parameter of anti-deuterons from gp collisions and deep inelastic scattering of electrons
at HERA [14, 50] and B2 from p–Cu and p–Pb collisions at Bevalac [1]. Our measurement reveals a
pT dependence in B2 not seen in previous experiments, which is significant given that the systematic
uncertainties are correlated bin by bin.

This pT dependence can be reproduced with QCD-inspired event generators, such as PYTHIA 8.2
(Monash tune) [54] and EPOS (LHC), when adding a coalescence-based afterburner [43] that takes into
account the momentum correlations between nucleons (Figure 10). The afterburner looks for clusters
of nucleons among the final particles produced by the event generators and boosts them to their center-
of-mass frame. If the momentum of each individual nucleon is less than a certain value a nucleus is
generated. With the afterburner, a constant B2 is recovered when selecting protons from one event and
neutrons from the next event (event mixing), in agreement with the expectation of an uncorrelated distri-
bution of nucleons (Figure 10). The pT dependence in B2 is still present in the results from an alternate
PYTHIA 8.2 (Monash tune) simulation with color reconnection turned off (Figure 10). Furthermore, a
radial flow effect in B2 at these low average charged multiplicities is also discarded by the EPOS (LHC)
simulation with the afterburner, since this contribution only arises in high multiplicity events, starting
from dNch/dh > 15 [53]. Thus, this pT dependence can be explained as a purely hard scattering effect,
in contrast to AA collisions, where it is usually attributed to collective flow.
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5.2 Integrated yields and deuteron-to-proton ratio

Unlike coalescence models, statistical hadronization models only provide predictions for integrated
yields. In this case, the integrated yields of light nuclei and the deuteron-to-proton ratio can add ad-
ditional constraints to these models and could therefore serve as a test for thermal-statistical behavior in
small systems at LHC energies.

To find the integrated yields, the measurements were extrapolated to the unmeasured pT region with a
statistical distribution that provides an exponential behavior at low pT and a power law behavior at high
pT (Figures 5 and 7):

E
d3

N

dp3 = gV
mT

(2p)3

⇣
1+(q�1)

mT

T

⌘ q

1�q

, (2)

where mT =
q

p
2
T +m2 is the transverse mass, and gV , T and q are free parameters. This distribution can

be derived from the Tsallis entropy [55, 56] and gives good description of the data in pp collisions [56].
It was preferred over the Levy-Tsallis used in previous work [10] as it provides a more stable description
of the measurements with a limited data set, as in the case of anti-deuterons for the center-of-mass energy
of 0.9 TeV or the 3He nuclei.

The systematic uncertainties of the integrated yields (dN/dy) and mean transverse momenta (hpTi) were
evaluated by shifting the data points up and then down by their uncertainties (i.e. assuming full corre-
lation between pT bins). Additionally, the data points were shifted coherently, in a pT-dependent way,
within their uncertainties to create maximally hard and maximally soft pT distributions. The values of
dN/dy and hpTi were reevaluated and the largest difference was taken as the systematic uncertainty.
Table 2 summarizes the resulting values for the different center-of-mass energies along with the extrap-
olation fraction due to the unmeasured pT regions. The uncertainty on the extrapolation was estimated
by using additional distributions including the Levy-Tsallis [57, 58] and Boltzmann distributions. The
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•
3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.
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•
3He (6) and 4He (2) candidates have been identified by AMS-02.
The event rate is ⇠ 1 anti-helium in 100 million helium.

• Massive background simulations are carried out to evaluate significance.
The probability of a background origin for He events is very small.

• More data are needed. Number of collected He events should increase,
while probability of background origin should decrease.
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Determination of the coalescence momentum

• No ab initio determination of p0 which needs to be fitted to data.
To do so, a model is required.

• Monte-Carlo event-generators are not devoid of problems.
They are tuned to specific processes 6= antinucleon production.
They yield di↵erent p0 when adjusted to di↵erent data sets.
p0 depends on

p
s.

• ALICE provides an experimental determination of B2 and B3.
p̄ production cross-section is measured.
Approximately the same value for p0 from d̄, t̄ and 3He .
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Local source term for anti-nuclei production in cosmic-rays
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Coalescence is the largest source of uncertainty
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A word of caution though

• AMS-02 has not yet published any He analysis. An up-date should be
presented next July at COSPAR – see V. Choutko’s talk.

• But we should not refrain ourselves from exploring the consequences of
these putative events. Observation and theory nurture each other.

• Interactions of high-energy cosmic-ray protons and helium nuclei on the
ISM yield a secondary anti-He flux well below AMS-02 sensitivity.

• The same conclusion holds for DM decays or annihilations although
M. Winkler and T. Linden have proposed a nice counter-example based
on ⇤̄b production if pure 3He events – Phys. Rev. Lett. 126 (2021) 101101.

• Dark Matter has triggered a hectic activity and has been systematicaly
hunted for. It may be time now to devote some attention to the possibility
of anti-matter domains in the universe – anti-clouds & anti-stars.

Domains of anti-matter gas inside the Milky Way disk and in the early universe

Two general arguments can be used irrespective of AMS-02 events.
Survival time (in MW and universe) and energy deposition (in IGM)
constrain matter and anti-matter mutual contaminations.

• Annihilation timescale of anti-matter ⌧ann > age t of the anti-cloud

np inside anti-cloud is constrained

• Energy deposition in IGM after recombination is constrained by CMB

np̄ inside matter is now constrained

The annihilation cross-section h�pp̄ vi is a key ingredient

3
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A word of caution though

• In general, DM species annihilations do not produce a detectable amount of 3He.
Furthermore, since DM is at rest, the spectrum peaks at low energy 6= O(10) GeV/n.

• Recently, a new proposal based on DM coupling to b quarks.

� + � ! b + b̄ b̄ ! ⇤̄b meson ⇤b (5.6 GeV) ! 3He (4.7 GeV)

M. Winkler and T. Linden, Phys. Rev. Lett. 126 (2021) 101101
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Outline
AMS-02 and possible anti-He events

A word on dark matter

1) AMS-02 and possible anti-He events

2) Secondary cosmic-ray anti-helium

3) A word on Dark Matter production

4) Anti-clouds - general considerations

5) Anti-clouds – a (crazy) step further

1) AMS-02 and possible anti-He events

2) Secondary cosmic-ray anti-helium

3) A word on Dark Matter production

4) Anti-clouds - general considerations

5) Anti-clouds – a (crazy) step further

Based on second part of Phys. Rev. D99 (2019) 023016

V. Poulin, P.S., I. Cholis, M. Kamionkowski & J. Silk

Hot Topics in Modern Cosmology – Workshop XIV – Cargèse – May 10, 2022
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FIG. 4. Per particle per unit antiparticle number-density annihilation rates for various processes producing annihilation.
The approximate temperature is shown.

for R&5ao, where nH =4.5uo is the dipole polarizability
of H'4 and we take

V=—e'/R
for R&(ao. The critical radius for p-H is the same as
that for m. -H, which is about 0.6ao."The semiclassical
method then gives results for reaction (14) which are
qualitatively similar to those obtained for reaction
(11) in Sec. IV A. Although the simple form used for V
at long range, (21), restricts the higher-energy limit
of validity for O.~H, it permits an analytic solution for
0-~H to be obtained:

0~n =3.60X10'(c/v) vrro', (23)

where v is the p-H relative velocity. Equation (23) is
valid to within several percent for p-H relative energies
between 10 ' and 0.1 eV. A plot of 0-~H is given in
Fig. 3. The dashed portions of the o-~H curve are esti-
mates of cr~H determined in the same manner as the
dashed portions of the 0.H+H curve.
By use of the semiclassical. method, it is found that

the cross section for reaction (15) is equal to 1.14 times
the cross section for reaction (14) for energies from
about 3X10 ' to 0.3 eV. Since a p is available to carry
off energy, reaction (15) occurs with significant proba-
bility for initial kinetic energies greater than the
difference between the total initial and final e—and e+
binding energies.

24 L. Pauling and E. B. Wilson, Introdlcti on to Qgantlm
mechanics (McGraw-Hill, New York, 1935), p. 185.

D. e+H Rearrangement Collision

Reaction (16) is an inelastic reaction with a threshold
energy of 6.8 eV (binding energy of H minus the binding
energy of Ps). Theoretical calculations have been made
for reaction (16) in the form e++H~ Ps+p, but the
results are in considerable disagreement. ' ' A rough
order-of-magnitude estimate for the cross section
a-,-~H of reaction (16) is shown in Fig. 3. This estimate
indicates that 0.,-+H is considerably greater than
o- .+0.„, and roughly comparable to the cross sections
of reactions (11)—(13) in the energy range of 10 to at
least 100 eV.

Me=80 e ) (24)

Mg=80gp ) (25)"B.H. Bransden and Z. Jundi, Proc. Phys. Soc. (London) 92,
880 (1967); M. Fels and M. H. Mittleman, Phys. Rev. 163, 129
(1967);I.M. Cheshire, Proc. Phys. Soc. (London) 83, 227 (1964);
R. J. Drachman, Phys. Rev. 1'71, 110 (1968).

V. ANNIHILATION IN HYDROGEN-
ANTIHYDROGEN MIXTURE

The results of the preceding sections make it possible
to calculate the e -e+ and p-p annihilation rates in an
atomic-scale mixture of hydrogen and antihydrogen.
The single-particle annihilation rates per unit anti-
particle number density, which are designated co, for
e -e+ annihilation and co„for p-p annihilation and which
apply to each of the processes leading to annihilation,
discussed in the preceding sections, are
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Anti-clouds surviving in the early universe

The same calculation can be performed in the early universe, splitting between three
periods depending on the annihilation regime. The annihilation timescale need to be
compared to the age of the universe at redshift z.
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Energy injection in the intergalatic medium

Energy injected after recombination modifies the re-ionization history of the IGM and its
optical depth against Thomson scattering. It eventually modifies polarization anisotropies
in the CMB, hence strong contraints from Planck.
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Taken at face value, the isotopic ratio of He nuclei could be explained by anisotropic
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�-ray line constraint at 933 MeV on nlocal
p

Annihilations inside anti-matter domains yield �-ray lines. We are interested here in
p p̄ ! ⇡0 � at 933 MeV whose integrated flux over the MW is constrained by Fermi-LAT
observations.
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FIG. 4. Counts map for the Celestial dataset binned in 1� ⇥ 1� spatial bins in the R180 ROI, and plotted in Galactic
coordinates using the Hammer-Aito↵ projection. The energy range is 1–750 GeV. Also shown are the outlines of the other
ROIs (R3, R16, R41, and R90) used in this search. The GP region with longitude greater than 6� from the GC and latitude
smaller than 5� is removed from all signal ROIs.

where a3 = 1� a2 � a1 (with ai > 0 required) and �1 > �2 > �3. We fit the triple Gaussian model at energies from
100 MeV < E < 1 TeV in logarithmic steps of 0.25. Then we can define De↵ for any energy by interpolating the
parameters of the Gaussian. This method di↵ers slightly from that in Ref [19] by using EDISP type as the second
variable (in addition to E) in the “2D” De↵ model instead of PE. By modeling the energy dispersion separately for
each EDISP type, we are able to give higher weight to events with a better energy reconstruction. Using the EDISP
types adds extra information in the fit and improves the statistical power over a “1D” model by ⇠10–15% depending
on energy.

V. FITTING

A. Fitting Procedure

To fit for spectral lines, we use a maximum likelihood procedure in sliding energy windows in each of the five ROIs
described in Sec. III. We fit at a fixed E� at the center of the energy window. We increment E� in steps of 0.5
�E(E�), where �E(E�) is the energy resolution (68% containment) of the LAT at E� . We perform our fits in the
energy domain and define both a background spectrum model (Cbkg) and a signal spectrum model (Csig). We do
not incorporate spatial information in our fits since it would make the resulting flux limits dependent on the DM
distribution profile assumed. Rather, we perform a generic search for monoenergetic signals in each ROI. Since we
fit in narrow energy windows, we approximate the gamma-ray background from di↵use and point sources as a simple
power law. The resulting expected distribution of counts is:
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where �bkg is the power-law index, E0 is a reference energy set to 100 MeV, and E(E0) is the energy-dependent
exposure averaged over each ROI, which is needed since the fit is performed in count space. The normalization factor

↵ is defined such that the total number of background events in the fit window is nbkg =
R
↵
⇣

E
0

E0

⌘��bkg

E(E0)dE0.

We did not explicitly convolve our background model with the energy dispersion (i.e. for Cbkg we assume E0= E).
For fits below 200 MeV, this approximation is not valid and significantly degrades the goodness of the fits. Therefore,
we limit our search range to E� > 200 MeV.

Our signal spectrum is Csig(E0|E�) = n0
sigDe↵(E0|E�). We account for systematic uncertainties that may induce a

false line-like signal or mask a true line-like signal in our fitting by using the procedure described in Ref. [22]. This
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�-rays from cosmic-ray annihilations in close-by anti-clouds

Nothing prevents cosmic-ray protons to penetrate inside anti-clouds where they annihi-
late.This should yield a strong annihilation signal appearing as (i) a continuous emission
and also as (ii) a point source in the sky if anti-matter domains are well localized in
space.
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Concluding remarks

• In the era of precision measurements, CR fluxes are measured with a much better
accuracy (5%) than the ingredients used to derive theoretical predictions.

• Among these, cross sections are by far the largest sources of uncertainty (±20%).
They need to be measured with the same precision as data are.

New XS measurements eagerly needed

• Current uncertainties on cross sections, primary fluxes and solar modulation need to
be taken into account to determine whether ot not a CR anomaly exists.
This is especially true for antiprotons.

No p̄ anomaly so far

• To decide if DM is needed, a Bayesian approach seems more natural than a Frequentist
analysis – as is the case for testing two hypotheses. Conclusions vary between the two
methods.

Thanks for your attention
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Concluding remarks

• Anti-helium-3 and anti-helium-4 candidates have been identified by AMS-02.

Massive background simulations are carried out to evaluate significance.

More data are needed.

• 3
He events

AMS-02 should not see secondary CR
3
He.

If He events are produced by DM, a large p̄ excess is expected.

Apart from a possible anomaly, no such excess is seen.

• 4
He events

There is absolutely no hope to detect a single event.

If confirmed, a single 4He would be a major discovery

Thanks for your attention
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Concluding remarks

• Anti-helium-3 and anti-helium-4 candidates may have been identified by AMS-02.
Massive background simulations are carried out to evaluate significance.
More data are needed.

•
3He events
Unless CR propagation and coalescence are very di↵erent from expected,
AMS-02 should not see secondary CR 3He.
Interesting possibility from DM annihilating into ⇤̄b mesons – Linden & Winkler.

•
4He events
There is no hope to detect a single event from CR spallation or DM.

• However, the existence of anti-matter domains raises an insuperable di�culty
because of segregation. It must be active at TS ' 37.4 MeV and active since
then until today.

• Could antimatter be packed inside anti-stars and be protected until today?
Stay tuned for Alexander Dolgov and Peter von Ballmoos talks.

If confirmed, a single 4He would be a major discovery

Thanks for your attention
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Determination of the coalescence momentum

• The Quark/Hadron phase transition takes place between 100 and 200 MeV.

Lattice QCD indicates that it might be 2
nd

order.

u, d, s, g ) ⇡0, ⇡± and traces of p, n & p̄, n̄

• As soon as they are formed, nucleons and antinucleons annihilate.

N + N̄ ⌦ ⇡ + ⇡̄

• Assuming no asymmetry between N & N̄ , their densities are equal.

Codensities are defined as ñN ⌘ nN/T 3
and ñN̄ ⌘ nN̄/T

3
.

dñN

dt
+ {h�anvinN} ñN = h�anviT 3 ñe

N
2

• Monte-Carlo event-generators are not devoid of problems.

They are tuned to specific processes 6= antinucleon production.

They yield di↵erent p0 when adjusted to di↵erent data sets.

p0 depends on
p
s.

A. Ibarra & S. Wild, JCAP 1302 (2013) 021

L.A. Dal & A.R. Raklev, Phys. Rev. D89 (2014) 103504

D.M. Gomez-Coral et al., Phys. Rev. D98 (2018) 023012

threshold e↵ects
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70 L’Univers jeune ou les trois premières minutes et autres merveilles

1.6.2. Solution approchée

Pour nous débarrasser du facteur de dilution dans l’équation d’évolution (1.191),
nous troquons la densité nA pour la codensité ñA. En toute rigueur, nous devrions
la définir comme le produit nA a3 ou bien comme le rapport nA/⇥3

s
. La température

factice ⇥s / a�1 joue le rôle d’un facteur d’échelle à l’instar de a. Pour simplifier
les calculs, et sans trop nuire à la qualité du résultat, nous utiliserons la température
thermodynamique T à la place de ⇥s et supposerons qu’elle aussi varie en a�1. La
codensité est alors définie par ñA ⌘ nA/T 3 et la relation (1.191) devient

dñA

dt
+ {h�anvinA} ñA = h�anviT

3 ñe

A
2 . [1.193]

Elle est en tout point semblable à l’équation (1.161) que vérifie la fraction de neutrons
Xn. Nous pouvons dès lors définir deux temps caractéristiques d’évolution (voir 1.5.2)
grâce auxquels nous bâtirons une solution approchée.
(i) Le temps de relaxation de ñA vers sa solution d’équilibre cinétique, obtenue en
annulant la dérivée dñA/dt dans (1.193), est égal à l’inverse du terme entre crochet

⌧�1

rel
⌘ �rel = h�anvinA . [1.194]

Le taux associé �rel n’est autre que la probabilité par unité de temps qu’un neutrino
A s’annihile sur un partenaire Ā. Remarquons que la solution d’équilibre cinétique
correspond exactement à la codensité ñe

A de l’équilibre chimique, qui est définie par
µA = µĀ = 0.
(ii) L’échelle de temps sur laquelle l’équilibre ñe

A lui-même varie appréciablement
se définit à partir de la dérivée temporelle du logarithme du membre de droite de
l’équation (1.193) de sorte que

⌧�1

eq
⌘ �eq = �

d ln(h�anviT 3 ñe

A
2
)

dt
. [1.195]

Le calcul du produit h�anvi est du ressort de la physique des particules. Celui-ci sera
pris ici constant, comme c’est le cas pour un neutrino lourd A. Le taux d’évolution
�eq est alors égal à 2uH , le paramètre u désignant le rapport M/T , et H le taux
d’expansion.

A haute température, pour de petites valeurs de u, le temps de relaxation ⌧rel est
très faible devant le temps caractéristique ⌧eq d’évolution de l’équilibre chimique. La
codensité ñA est alors pratiquement égale à sa valeur d’équilibre ñe

A. Le découplage
chimique (ou freeze-out) intervient lorsque ⌧rel et ⌧eq se croisent, i.e. pour une valeur
uF du rapport masse sur température telle que

h�anvinA ⌘ h�anvine

A = 2uFH . [1.196]
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s
. La température

factice ⇥s / a�1 joue le rôle d’un facteur d’échelle à l’instar de a. Pour simplifier
les calculs, et sans trop nuire à la qualité du résultat, nous utiliserons la température
thermodynamique T à la place de ⇥s et supposerons qu’elle aussi varie en a�1. La
codensité est alors définie par ñA ⌘ nA/T 3 et la relation (1.191) devient

dñA

dt
+ {h�anvinA} ñA = h�anviT

3 ñe

A
2 . [1.193]

Elle est en tout point semblable à l’équation (1.161) que vérifie la fraction de neutrons
Xn. Nous pouvons dès lors définir deux temps caractéristiques d’évolution (voir 1.5.2)
grâce auxquels nous bâtirons une solution approchée.
(i) Le temps de relaxation de ñA vers sa solution d’équilibre cinétique, obtenue en
annulant la dérivée dñA/dt dans (1.193), est égal à l’inverse du terme entre crochet

⌧�1

rel
⌘ �rel = h�anvinA . [1.194]

Le taux associé �rel n’est autre que la probabilité par unité de temps qu’un neutrino
A s’annihile sur un partenaire Ā. Remarquons que la solution d’équilibre cinétique
correspond exactement à la codensité ñe

A de l’équilibre chimique, qui est définie par
µA = µĀ = 0.
(ii) L’échelle de temps sur laquelle l’équilibre ñe

A lui-même varie appréciablement
se définit à partir de la dérivée temporelle du logarithme du membre de droite de
l’équation (1.193) de sorte que

⌧�1

eq
⌘ �eq = �

d ln(h�anviT 3 ñe

A
2
)

dt
. [1.195]

Le calcul du produit h�anvi est du ressort de la physique des particules. Celui-ci sera
pris ici constant, comme c’est le cas pour un neutrino lourd A. Le taux d’évolution
�eq est alors égal à 2uH , le paramètre u désignant le rapport M/T , et H le taux
d’expansion.

A haute température, pour de petites valeurs de u, le temps de relaxation ⌧rel est
très faible devant le temps caractéristique ⌧eq d’évolution de l’équilibre chimique. La
codensité ñA est alors pratiquement égale à sa valeur d’équilibre ñe

A. Le découplage
chimique (ou freeze-out) intervient lorsque ⌧rel et ⌧eq se croisent, i.e. pour une valeur
uF du rapport masse sur température telle que

h�anvinA ⌘ h�anvine

A = 2uFH . [1.196]
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Avant le découplage cinétique des neutrinos légers, la température T et le paramètre
d’échelle T⌫ sont égaux si bien que

TA

T⌫
=

⇢
he↵(Tkd)

he↵(TF)

�1/3

où Tkd = 1.5 MeV . [1.211]

Puisque TA et T⌫ varient tous deux en a�1, leur rapport reste constant et la valeur
actuelle du paramètre TA est donnée par

T 0

A = T 0

⌫ ⇥

⇢
he↵(Tkd)

he↵(TF)

�1/3

' 1.097 K , [1.212]

avec T 0

⌫ = 1.946 K, he↵(Tkd) = 43/8 et he↵(TF) ' 30. La densité actuelle des
neutrinos lourds vaut alors

n0

A = ñ0

A T 0

A
3

= 6.76⇥10
�6

cm
�3

⇢
1GeV

M

�⇢
3⇥10

�27
cm

3
s
�1

h�anvi

�
. [1.213]

Les particules A et Ā étant en nombre égal, la masse volumique totale de la population
des neutrinos lourds et de leurs antiparticules vaut aujourd’hui ⇢0A ⌘ 2 n0

AM , soit
numériquement

⇢0A = 13.5 keV cm
�3

⇢
3⇥10

�27
cm

3
s
�1

h�anvi

�
. [1.214]

La masse M a disparu. La masse volumique résiduelle ⇢0A ne dépend que de la section
efficace d’annihilation. Dans les mêmes unités, la densité de fermeture ⇢0

c
, définie par

l’équation (1.5), est égale à 10.5 keV cm
�3. La contribution actuelle des neutrinos

lourds A et Ā à la masse volumique globale de l’Univers s’exprime par le rapport

⌦Ah
2
=

3.86⇥10
�27

cm
3
s
�1

h�anvi
. [1.215]

Si la matière noire était constituée des neutrinos lourds proposés par Lee et Weinberg,
et à condition qu’ils soient stables, il suffirait d’une section efficace d’annihilation
h�anvi de l’ordre de 3.2⇥10

�26
cm

3
s
�1 pour expliquer son abondance. Une telle

valeur est caractéristique des interactions électrofaibles.



Determination of the coalescence momentum

• The Quark/Hadron phase transition takes place between 100 and 200 MeV.

Lattice QCD indicates that it might be 2
nd

order.

u, d, s, g ) ⇡0, ⇡± and traces of p, n & p̄, n̄

• As soon as they are formed, nucleons and antinucleons annihilate.

N + N̄ ⌦ ⇡ + ⇡̄

• Assuming no asymmetry between N & N̄ , their densities are equal.

Codensities are defined as ñN ⌘ nN/T 3
and ñN̄ ⌘ nN̄/T

3
.

dñN

dt
+ {h�anvinN} ñN = h�anviT 3 ñe

N
2

• Annihilation of N & N̄ proceeds very strongly with freeze-out

at uF = 41.8 and TF ' 22 MeV.

Nucleons and antinucleons are completely depleted.

n0

N

n�
⌘ ñ0

N

ñ�
=

2⇡2

⇣(3)

⇢
1

1 + 2uF

�nuF
2⇡

o3/2
e�uF ' 2.34⇥ 10

�18

*
h�anvi '

�
�an = 10

�25
cm

2
 
⇥
n
vB = c

p
3/u

o

A. Ibarra & S. Wild, JCAP 1302 (2013) 021

L.A. Dal & A.R. Raklev, Phys. Rev. D89 (2014) 103504

D.M. Gomez-Coral et al., Phys. Rev. D98 (2018) 023012
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⌘ ñ0

N

ñ�
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• Segregation between N & N̄ must take place before freeze-out

at uS = 25.1, TS ' 37.4 MeV and cosmic time tS ' 0.5 ms.

ne

N

n�

����
S

⌘ ñe

N

ñ�

����
S

=
2⇡2

⇣(3)

nuS
2⇡

o3/2
e�uS ' 1.65⇥ 10

�9

+
MN = Mp nN R3

S
' 1.79⇥ 10

22
kg

+
Segregation active since then

We have no idea on how it proceeds

10



Anti-star properties related to AMS-02 events

Anti-matter could alternatively be in the form of anti-stars. They could essentially be
made of anti-helium if BBN proceeded in a high ⌘̄ medium. Matter falling at the surface
would annihilate and generate energy. An Earth size body would release 1049 ergs and
could expel a shell of 0.01 M� in outer space at 104 km/s. Acceleration could take place
in the resulting shock wave.

• Matching the He flux, i.e. �
He
/�He ⇠ 10�8.

�He '
1

4⇡

c

Vgal

fHeM⇤̄

mHe

facc

+

�He ' 2⇥ 10�9 cm�2 s�1
⇥

M⇤̄

M�

⇥
facc
10�6

• Once accelerated, CR 4He need to cross over 20 g cm�2 of matter for being converted
into 3He in order to achieve the isotopic ratio 4He : 3He = 1 : 3
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follows: in Section II we select antistar candidates in 4FGL-DR2 and compute the sensitivity

of the LAT to an antistar signal; in Section III we use the 4FGL-DR2 candidates and

the sensitivity we determined to constrain the antistar fraction using various methods and

assumptions; finally Section IV presents a summary of our work and some discussions on its

implications and future perspectives.

II. CONSTRAINING ANTISTARS WITH 4FGL-DR2

A. Antistar candidates in 4FGL-DR2

4FGL-DR2 [21, 22] is based on 10 years of observations with the LAT in the energy range

from 50 MeV to 1 TeV. It contains 5787 gamma-ray sources with their spectral parameters,

spectral energy distributions, light curves, and multiwavelength associations. Source detec-

tion in 4FGL-DR2 is based on the likelihood ratio test. More specifically it is based on the

Test Statistic (TS) defined as

TS = 2 log
L

L0
(1)

where L is the likelihood of the model including the candidate gamma-ray source and L0 is

the likelihood of the background model not including the source. The main backgrounds for

source detection in the LAT band are interstellar gamma-ray emission produced by interac-

tions of cosmic rays with interstellar matter and fields, and the isotropic background that is

a mix of extragalactic di↵use emission and a residual contamination from CR interactions

in the LAT misclassified as gamma rays.

We select antistar candidates in 4FGL-DR21 based on the following criteria:

• extended sources are excluded since the angular size of a star is several orders of

magnitude smaller than the LAT resolution at low energy, thus antistars are expected

to be point-like sources;

• sources associated with objects known from other wavelengths that belong to estab-

lished gamma-ray source classes (e.g., pulsars, active galactic nuclei) are excluded;

1 We used the initial release of the catalog (file gll psc v23.fit), but we checked that all results are un-

changed for the latest version available at the moment of writing which includes more optical classifications

(file gll psc v26.fit).

4

• sources with total TS summed for energy bands above 1 GeV larger than 9 (that is,

emission detected at > 3� above 1 GeV) are excluded since the emission spectrum

from proton-antiproton annihilation is null above 938 MeV (mass of the proton); the

high-energy cuto↵ makes it possible to di↵erentiate the matter-antimatter annihilation

signal from the well-known pion-bump signal produced by interactions of cosmic rays

with an approximate power-law spectrum onto the ISM and seen in the Galactic

interstellar emission and a few supernova remnants [23, 24]; to our knowledge this is

the first time that spectral criteria are used to select candidate antistars in gamma-ray

catalogs;

• sources flagged in the catalog as potential spurious detections related to uncertainties

in the background models or nearby bright sources (flags 1 to 6) are excluded.

This results in 14 antistar candidates listed in Table I. Figure 1 shows their positions

in the sky and fluxes. They do not follow a particular pattern on the sky, and they are

all faint and close to the LAT detectability threshold. Therefore, their spectra2 are charac-

terized by sizable uncertainties. The nature of these sources cannot be firmly established

at present. Besides the tentative antistar interpretation, they may be sources belonging to

a known gamma-ray source class, such as pulsars or active galactic nuclei, that could be

identified by searching for periodicity in gamma-ray [e.g., 25] and radio data [e.g., 26], or

for spectral signatures in optical and infrared observations [e.g., 27], respectively. Further-

more, they may also correspond to imperfections of the background interstellar emission

model, e.g, owing to limitations of ISM tracers, for which improvements can be achieved

thanks to multiwavelength data (for details on the latter aspect see, e.g., [21]). Identifying

the sources as antistars seems more challenging, and may be attempted, for instance, using

X-ray polarimetry [28]. Proving or disproving the antistar interpretation therefore requires

significant multiwavelength work which is beyond the scope of this paper. In the following

we will use the candidate list to set upper limits on the antistar abundance in the region

around the Sun.

2 Spectra are available on the 4FGL-DR2 webpage at https://fermi.gsfc.nasa.gov/ssc/data/access/

lat/10yr_catalog/.
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• In Sections III C 2 and III C 3 the velocity of the antistars is converted into velocity

with respect to the ISM under the hypothesis of purely circular motion of the ISM

around the Galactic center, described by the universal rotation curve of Persic et al.

[34] with the parameters for the Milky Way inferred from recent parallax distance

measurements of high-mass star-forming regions [35].

B. Parametric derivation of the antistar fraction

In this section we establish limits on the antistar fraction based on the method proposed

by Steigman [1] and largely employed in the earlier literature on the subject. The method

consists in assuming that the brightest antistar candidate is the nearest antistar. One can

thus determine its distance based on its photon flux �max for any mass, velocity, and ISM

density values. The sphere with radius equal to such distance is assumed to contain at most

one antistar, and the fraction of antistars to normal stars is given by f⇤̄ = (n⇤V )�1 where

n⇤ is the local star density (for which we assume the value of 0.15 pc�3 from Latyshev [36]),

and V is the volume of the sphere.

In parametric form, the antistar fraction upper limit is given by

f⇤̄  2.68⇥ 103
✓

�max

cm�2 s�1

◆3/2✓ ⇢

mp cm�3

◆�3/2✓ M

M�

◆�3
 p

v2 + c2

10 km s�1

!9/2

(5)

We use the energy flux in the 100 MeV-100 GeV energy range from 4FGL-DR2 to obtain

the total photon flux for the p � p annihilation spectrum [2], and thus obtain the minimal

distances and upper limits on the antistar fraction shown in in Figure 3 as a function of

antistar mass and velocity for an ISM density of ⇢ = 1 mp cm�3.

The distance to the closest antistar and corresponding antistar fraction varies very much

based on the assumed parameter values. For example, taking M = 1 M�, v = 10 km s�1,

and ⇢ = 1 mp cm�3 the closest antistar would be at 10 pc, which would yield an upper

limit on the fraction f⇤̄  10�8. For comparison, the upper limit provided by Steigman was

f⇤̄  10�4 based on SAS-2 data [1].

In 2014, von Ballmoos inferred an upper limit f⇤̄ < 4⇥ 10�5 using unassociated sources

from the LAT 2-year Source Catalog 2FGL [4]. Our upper limit on the antistar fraction

is stronger because antistar candidates are selected according to more restrictive criteria,

notably the lack of significant emission above 1 GeV, drastically reducing their number.
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Si la nouvelle interaction ainsi définie existe déjà,
la théorie est invariante sous CP.
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Si ε ≠ 0 ⇒  , violation de CP !

Cosmic-ray anti-helium nuclei
or the quest for antimatter in the Universe

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Baryon Number Generation in the Early Universe (1980)

possible more massive absolutely stable replications (their masses are irrelevant if they are much
smaller than the temperature ∼ 1015 GeV at which the asymmetries must be generated). The
observed deceleration parameter for the universe suggests that the mean energy density does not
exceed that observed in nucleons by more than about an order of magnitude. Thus there cannot
exist absolutely stable particles much heavier than the proton in the concentrations suggested
by grand unified models with the mechanism for baryon asymmetry generation described below.
This constraint strengthens existing limits on neutral and charged heavy leptons and hadrons
derived previously without grand unified models [13].

2. Basic formalism

2.1. Introduction

Let M(i → j) be the amplitude for a transition from a state i to state j, and let ı̄ be the state
obtained by applying a CP transformation to i. Then the CPT theorem (the validity of which
is necessary to justify use of quantum field theory) implies that

M(i → j) = M(j̄ → ı̄), (CPT invariance).(2.1.1)

CP invariance (and hence, by CPT , T invariance), when valid, demands

M(i → j) = M(̄ı → j̄) = M(j → i), (CP invariance).(2.1.2)

The requirement of unitarity (that the probabilities for all possible transitions to and from a
state i should sum to one) yields1

∑

j

|M(i → j)|2 =
∑

j

|M(j → i)|2 , (unitarity).(2.1.3)

But from (2.1.1) (the sum over j includes all states and their antistates)2

∑

j

|M(i → j)|2 =
∑

j

|M(j → ı̄)|2 =
∑

j

|M(j → i)|2 , (CPT + unitarity).(2.1.4)

In thermal equilibrium (and in the absence of chemical potentials corresponding to non-zero
conserved quantum numbers) all states j of a system with a given energy are equally populated3.
Eq. (2.1.4) then shows that transitions from these states (interactions) must produce states i
and their CP conjugates ı̄ in equal numbers. Thus no excess of particles over antiparticles (and
hence, for example, a net baryon number) may develop in a system in thermal equilibrium, even
if CP invariance is violated. (A restricted form of this result was given in ref. [5].)

From eqs. (2.1.1) and (2.1.3) one finds
∑

j

|M(i → j)|2 =
∑

j

|M(̄ı → j)|2 , (CPT + unitary),(2.1.5)

implying that the total cross section for interactions between a set of particles and their CP
conjugates are equal, and that the total decay rate of a particle and its antiparticle must be equal.
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asymmetry to one of the initial state).”

• The symmetry between matter and antimatter at stake is the CP operation.
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