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Outline

1) A short historical review

2) The leaky box model – a simple approach

3) Cosmic rays di↵use within the Galaxy

4) How are cosmic rays acelerated ?

5) A few recent developments

Graduate School in Particle & Astroparticle physics – Annecy-le-Vieux – 23 & 24 July

2013

1

Updated secondary anti-helium cosmic ray fluxes

A first estimate for 4He

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Outline

1) A short historical review

2) The leaky box model – a simple approach

3) Cosmic rays di↵use within the Galaxy

4) How are cosmic rays acelerated ?

5) A few recent developments

Graduate School in Particle & Astroparticle physics – Annecy-le-Vieux – 23 & 24 July

2013

1

Sources of antimatter

The mundane, the exciting and the exotic

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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P. von Doetinchem                   Antinuclei                   Jun 18 – p.16p.

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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3He and t secondary cosmic rays

Prospects for observing anti-helium events are vanishingly small

DM responsible for 3He events ) large p̄ excess seen
P. von Doetinchem, DSU June 18, 2018

V. Poulin et al., arXiv.1808.00000

• 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.

• 3He events
According to Korsmeier (2018) AMS-02 should not see secondary CR 3He.
If what has been detected is produced by DM, a large p̄ excess should have
been seen already.

• 4He events
There is absolutely no hope to detect a single event.
If confirmed, a single 4He would be a major discovery.

19

• 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 rate for CR secondaries
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A recent and comprehensive B/C analysis

Including theoretical uncertainties is paramount

A. Reinert & M.W. Winkler, JCAP 1801 (2018) 055
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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.

� + � ! qq̄,W+W�, ... ! �, e+, p̄, D̄,3H̄e& ⌫ 0s

p or ↵ (CR) + ISM ! e+, p̄, D̄,3H̄e + X

Antimatter is already manufactured inside the Galactic disk

Courtesy Antje Putze, TeVPA 2015
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Positron constraints on cosmic ray propagation
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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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Secondary cosmic-ray anti-helium
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coalescence ⌘ fusion of p̄ & n̄ into d̄, 3He or 4He
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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.

In Blum et al., BA / V 1�A. The hadronic volume V

is probed by the HBT two-pion correlation measurements.

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

K. Blum et al., Phys. Rev. D96 (2017) 103021
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inelastic cross section, and the constituent momenta are
taken at pp = pA/A.

The factor R(x), with x =
q
s+A

2
m

2
p � 2

p
sẼA and

ẼA the centre of mass product nucleus energy, is a phase
space correction that we define as in [46]. This becomes
necessary in order to extend the coalescence analysis
down to near-threshold collision energies, important for
the astrophysics as well as for low energy laboratory data.
Details on the derivation of R(x) are given in App. C.

BA, the coalescence factor, needs to be extracted from
accelerator data. However, experimental information on
d̄ and 3He production is scarce and, in the most part,
limited to AA or pA collisions. For pp collisions, the most
relevant system for CR astrophysics, no quantitative data
exists for pp ! 3He, and the data for pp ! d̄ is sparse.

Faced with this problem, previous estimates [12–16] of
the secondary CR d̄ and 3He flux made two key simpli-
fying assumptions:

1. Coalescence parameters used to fit pp ! d̄ data
were translated directly to pp ! 3He. More pre-
cisely, the coalescence factor BA was converted to
a coalescence momentum pc, via

A

m

A�1
p

✓
4⇡

3
p

3
c

◆A�1

= BA. (7)

The value of pc found from pp ! d̄ accelerator data
was then assumed to describe pp ! 3He.

2. The same coalescence momentum was sometimes
assumed to describe both pA ! d̄ and pp ! d̄.

In what follows we give theoretical and empirical evi-
dence, suggesting that both assumptions may be incor-
rect. To do this, we make an excursion into the physics
of coalescence.

The role of the factor BA is to capture the probability
for A nucleons produced in a collision to merge into a
composite nucleus. It is natural for the merger probabil-
ity to scale as [47–49]

BA / V

1�A
, (8)

where V is the characteristic volume of the hadronic
emission region. A model of coalescence that realises
the scaling of Eq. (8) was presented in Ref. [17]. A key
observation in [17] is that the same hadronic emission
volume is probed by Hanbury Brown-Twiss (HBT) two-
particle correlation measurements [18]. Both HBT data
and nuclear yield measurements are available for AA and
pA systems, allowing a test of Eq. (8).

Ref. [17] proposed the following formula for the coales-
cence factor,

B3 =
(2⇡)3

4
p
3

hC3i (mt R1 R2 R3)
�2

. (9)

Here, mt is the transverse mass and Ri are the mt-
dependent HBT scales characterising the collision. For
concreteness we focus on A = 3, but the treatment of
A = 2 is analogous. The quantity hC3i expresses the
finite support of the 3He wave function. It may be esti-
mated via
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, (10)

where b3 ⇡ 1.75 fm is the 3He nucleus size. For pt .
1 GeV, setting Ri ⇡ R, we have
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The extension to deuterium, with nucleus size b2 =
3.2 fm, is given by
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The coalescence factor in AA, pA, and pp collisions,
presented w.r.t. HBT scale deduced for the same sys-
tems, is shown in Fig. 3. The data analysis entering into
making the plot is summarised in App. A. The data is
consistent with Eqs. (11) (bottom panel) and (12) (top
panel), albeit with large uncertainty.
HBT data for pp collisions [19, 20, 50] suggest R in the

range 0.5 � 1.2 fm, indicated by letters in both panels
of Fig. 3. For pp ! d̄, direct measurements from the
ISR [51–53] give

B

(pp)
2 = (0.75� 2.4)⇥ 10�2 GeV2

. (13)

As seen in the top panel of Fig. 3, this result is consistent
with the intersect of Eq. (12) with the specified range of
R. (As done in Refs. [13–15], we discard here the high-pt
data from Serpukhov [54] and only show it in Fig. 3 for
completeness. Details can be found in App. A.)
For pp ! 3He we do not have direct experimental in-

formation. We therefore extract a rough prediction of
B3, by taking the intersect of Eq. (11) with the two ends
of the relevant range for R. This gives the following order
of magnitude estimate:

B

(pp)
3 = (2� 20)⇥ 10�4 GeV4 (HBT� based),(14)

marked by the two horizontal dashed lines in the bottom
panel of Fig. 3.
Results from the ALICE experiment allow us to make

a preliminary test of Eq. (14). Ref. [55] reported 20 3He
and 20 t in the ALICE pp

p
s = 7 TeV run, corresponding

to luminosity L ⇡ 2.2 nb�1 with a pseudo-rapidity cut
|⌘| < 0.9 and with no further pt cut1. The pt-dependent

1 We thank Natasha Sharma for clarifying the experimental pro-
cedure.
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marked by the two horizontal dashed lines in the bottom
panel of Fig. 3.
Results from the ALICE experiment allow us to make

a preliminary test of Eq. (14). Ref. [55] reported 20 3He
and 20 t in the ALICE pp

p
s = 7 TeV run, corresponding

to luminosity L ⇡ 2.2 nb�1 with a pseudo-rapidity cut
|⌘| < 0.9 and with no further pt cut1. The pt-dependent

1 We thank Natasha Sharma for clarifying the experimental pro-
cedure.
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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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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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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
d3N
dp3 = gV

mT

(2p)3

⇣
1+(q�1)

mT

T

⌘ q
1�q

, (2)

where mT =
q

p2
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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p0 depends on
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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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• 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 .

208 MeV  pcoal  262 MeV

218 MeV  pcoal  262 MeV

S. Acharya et al., Phys. Rev. C97 (2018) 024615

Local source term for anti-nuclei production in cosmic-rays

qsec(He |EHe,x) =
X

i2p,↵

X

j2H,He
4⇡

Z

dEi �i(Ei,x)nj(x)
d�ij!He

dEHe

(Ei, EHe)

7.7⇥ 10�7  B4

GeV6
 3.9⇥ 10�6

V. Poulin et al., Phys. Rev. D99 (2019) 023016

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

The STAR Collaboration, Nature 473 (2011) 353

5

qsec(d̄ |Ed̄,x) =
X

i2p,↵

X

j2H,He
4⇡

Z

dEi �i(Ei,x)nj(x)
d�ij!d̄

dEd̄

(Ei, Ed̄)

d̄

Fusion of p̄ & n̄

Coalescence factor B

Coalescence is the largest source of uncertainty

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

S. Acharya et al., Phys. Rev. C97 (2018) 024615

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

C

�

B2 =
Ed̄

Ep̄En̄

Z

d 3
� C(�)

B2 =
md̄

mp̄mn̄

⇢

4

3
⇡P 3

C

�

Coalescence momentum PC

Coalescence factor B2

Ed̄

�in

d 3�d̄
d 3

K

= B2

⇢

Ep̄

�in

d 3�p̄
d 3

k1

� ⇢

En̄

�in

d 3�n̄
d 3

k2

�

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

M. Korsmeier, F. Donato & N. Fornengo, Phys. Rev. D97 (2018) 103011

18

Secondary anti-helium fluxes

3He MED

AMS-02 should not have seen He events

no secondary origin ) DM or else

8

Positron constraints on cosmic ray propagation

qsec(e+ |Ee,x) =
X

i2p,↵

X

j2H,He
4⇡

Z

dEi �i(Ei,x)nj(x)
d�ij!e+

dEe
(Ei, Ee)

{ p,↵ }

e+

e+ di↵use and lose E

B/C ) K/L while e+ ) K

Degeneracy between K and L can be lifted

All B/C compatible CR models

After skimming

e+ excess above ⇠ 1 GeV

�sec
e+ forces K to be large ) L � Lmin ⇠ 8.5 kpc

Secondary anti-helium fluxes

3He MED MIN

AMS-02 should not have seen He events

no secondary origin ) DM, BH or else

7



Secondary anti-helium fluxes

8

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 .

208 MeV  pcoal  262 MeV

218 MeV  pcoal  262 MeV

S. Acharya et al., Phys. Rev. C97 (2018) 024615

Local source term for anti-nuclei production in cosmic-rays

qsec(He |EHe,x) =
X

i2p,↵

X

j2H,He
4⇡

Z

dEi �i(Ei,x)nj(x)
d�ij!He

dEHe

(Ei, EHe)

7.7⇥ 10�7  B4

GeV6
 3.9⇥ 10�6

V. Poulin et al., Phys. Rev. D99 (2019) 023016

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

The STAR Collaboration, Nature 473 (2011) 353

5

Secondary anti-helium fluxes

3He MED

AMS-02 should not have seen He events

no secondary origin ) DM or else

8

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.

In Blum et al., BA / V 1�A. The hadronic volume V

is probed by the HBT two-pion correlation measurements.
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Could anti-helium (3He) events be produced by evaporating BH?
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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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Could anti-helium (3He) events be produced by evaporating BH?

• If AMS-02 He events are from DM, beware of p̄ flux.

• To evade the p̄ constraint, pcoal exceedingly large.
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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 2nd 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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3.

dñN
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+ {h�anvinN} ñN = h�anviT 3 ñe
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dñN

dt
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1.6.2. Solution approchée

Pour nous débarrasser du facteur de dilution dans l’équation d’évolution (1.191),
nous troquons la densité n

A

pour la codensité ñ
A

. En toute rigueur, nous devrions
la définir comme le produit n

A

a3 ou bien comme le rapport n
A

/⇥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 ñ

A

⌘ n
A

/T 3 et la relation (1.191) devient

dñ
A

dt
+ {h�anvinA

} ñ
A

= 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
X

n

. 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 ñ

A

vers sa solution d’équilibre cinétique, obtenue en
annulant la dérivée dñ

A

/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
µ
A

= µ
Ā

= 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 ñ

A

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

T
A

T
⌫

=

⇢

he↵(Tkd)

he↵(TF)

�1/3

où Tkd = 1.5 MeV . [1.211]

Puisque T
A

et T
⌫

varient tous deux en a�1, leur rapport reste constant et la valeur
actuelle du paramètre T

A

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 cm3 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 ⇢0

A

⌘ 2 n0
A

M , soit
numériquement

⇢0
A

= 13.5 keV cm�3

⇢

3⇥10�27 cm3 s�1

h�anvi
�

. [1.214]

La masse M a disparu. La masse volumique résiduelle ⇢0
A

ne dépend que de la section
efficace d’annihilation. Dans les mêmes unités, la densité de fermeture ⇢0c , 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

⌦
A

h2 =
3.86⇥10�27 cm3 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 cm3 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 2nd 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 cm2
 

⇥
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

threshold e↵ects

9



Determination of the coalescence momentum

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

Lattice QCD indicates that it might be 2nd 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
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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⇥ 1022 kg

+
Segregation active since then

We have no idea of how it proceeds
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1

• In June 1933, Wolfgang Pauli sends a letter to Werner Heisenberg

where he gives his opinion on Dirac’s theory:

“I do not believe in the hole theory, since I would like to have

the asymmetry between positive and negative electricity in the laws

of nature (it does not satisfy me to shift the empirically established
asymmetry to one of the initial state).”

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

In July 1964, CP is shown to be violated with a few K0
2 ! ⇡0⇡0 decays.
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Invariance sous CP

Nous venons de voir que CP échange e
R

-  avec e
L

+

ainsi que e
L

-  avec e
R

+ .

CP e
R
- =CP

exp χ 2( )

0

 

 
 

 

 
 / 2  ⇒   e

L
+ =

0

−exp χ 2( )
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On peut substituer le bispineur e
R

+  à e
L

- .

Si la nouvelle interaction ainsi définie existe déjà,
la théorie est invariante sous CP.
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Si ε ≠ 0 ⇒  , violation de CP !
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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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• In June 1933, Wolfgang Pauli sends a letter to Werner Heisenberg

where he gives his opinion on Dirac’s theory:

“I do not believe in the hole theory, since I would like to have

the asymmetry between positive and negative electricity in the laws

of nature (it does not satisfy me to shift the empirically established
asymmetry to one of the initial state).”

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

In July 1964, CP is shown to be violated with a few K0
2 ! ⇡0⇡0 decays.

Baryogenesis and Sakharov’s prescription

• Interactions violate the baryon number B.

• Interactions violate CP symmetry.

• Baryogenesis acts out of thermal equilibrium.
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Sources of antimatter

The mundane, the exciting and the disconcerting

Pierre Salati – LAPTh & Université Savoie Mont Blanc

Outline
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In this scenario, baryogenesis is not homogeneous and leads to a very inhomogeneous
distribution of � ⌘ (nB � nB̄)/(nB + nB̄) in space with small regions where |�| ⇠ 1
although on average � is small.

• At the beginning of inflation, � � �1 so that m2
e↵ is positive and h�i = 0.

• 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
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⌘ ñ0

N

ñ�
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1
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�

nuF
2⇡
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*
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�
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⇥
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although on average � is small.

• The inflation field � and a complex scalar field � evolve according to the potentials
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• If m1 = |m1| exp(i↵) and � = |�| exp(i✓), we can define the e↵ective mass

m2
e↵ = �1(�� �1)2 +m2

0 + 2|m1|2 cos(2↵ + 2✓)

• The peculiar form of the potential U�(�,�) leads to the non-conservation of the bary-
onic current which is defined as

JB
µ = i (�⇤@µ�� @µ�⇤�) = �2|�|2@µ✓
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�

m⇤2
1 �⇤2 �m2

1�
2
�

= 2|�|2|m1|2 sin(2✓ + 2↵)

14



Sources of antimatter

The mundane, the exciting and the disconcerting

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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• At the beginning of inflation, � � �1 so that m2
e↵ is positive and h�i = 0.

• When � = �1, m2
e↵ becomes negative and � moves toward the true vaccum. As this is

a quantum process, some regions go further than other along the � axis.

• When � ⌧ �1, m2
e↵ is positive once again and � migrates toward 0. But this is not an

immediate process, especially when � is large.

• Baryogenesis takes place soon after the end of inflation. A few regions have large
values of �, either positive or negative. These collapse into BH or form stars, hence a
few anti-stars.

• In the rest of space, two possibilities have been proposed. Tuning the parameters leads
to a small negative value of m2

e↵ and a small value of �. Alternatively, m2
e↵ = 0 and

standard baryogenesis proceeds as in the homogeneous baryonic case.

U�(�,�) �
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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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• 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. But can we wait for ten more years?

• 3He events
AMS-02 should not see secondary CR 3He.
If He events are produced by DM, a large p̄ excess is expected.
Apart from a possible anomaly, no such excess is seen.
DM or BH cannot explain the 6 events detected.

• 4He events
There is absolutely no hope to detect a single event.

• The Dolgov & Silk scenario o↵ers a possible alternative and predicts anti-stars.
Further theoretical investigation is necessary though.

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