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Cosmic ray antimatter is an interesting place to 
look for new physics. 

Antiprotons 

Positrons 

Anti-He, anti-d 

We could have, but we don’t see (clear)  
hints for ~10 GeV thermal relic WIMPs 
in cosmic rays;  
This does not mean we should 
stop looking. 
(We don’t see ~100 GeV SUSY 
at the LHC, but we shouldn’t stop looking.) 
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Antiprotons
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Antiprotons

Antiprotons are produced by CR proton collisions with interstellar matter (ISM). 
The amount of antiprotons produced is proportional to the amount of ISM target. 

How much ISM target is there? 

Boron (B) is produced by fragmentation of CR C,N,O,… on ISM. 
The amount of B produced is proportional to the amount of ISM target. 

Simplest possibility:  
Protons and C,N,O,… traverse roughly the same amount of ISM target. 

Prediction: 

4

where (�a/m) and (�P!a/m) are the total inelastic and the partial P ! a cross section per
target ISM particle mass m, respectively.

We stress that Eq. (1) is an empirical relation, known to apply to ⇠10% accuracy in
analyses of HEAO3 data [26, 27] and – as we shall see shortly, focusing on p̄ – consistent
with subsequent PAMELA [10] and AMS02 [16] measurements.

From the theoretical point of view, Eq. (1) is natural [2, 28–30]. It is guaranteed to
apply if the relative composition of the CRs in the regions that dominate the spallation is
similar to that measured locally at the solar system3: in this case, the source distribution of
di↵erent secondaries is similar. Because the confinement of CRs in the Galaxy is magnetic,
di↵erent CR particles that share a common distribution of sources should exhibit similar
propagation if sampled at the same rigidity4. Thus, the ratio of propagated CR densities
reflects the ratio of their net production rates.

Note that the net source defined in Eq. (2) accounts for the fact that di↵erent nuclei
exhibit di↵erent degree of fragmentation losses during propagation. In this way, specie like
sub-Fe (with fragmentation loss cross section of order 500 mb), B (�B ⇠ 240 mb), and p̄

(�p̄ ⇠ 40 mb) can be put on equal footing.
Further discussion of the physical significance of Eq. (1) is given in Ref. [28] and App. A.

We can use Eq. (1) together with the locally measured flux of B, C, O, p, He,... to predict
the p̄ flux [28, 32]:

np̄(R) ⇡ nB(R)

QB(R)
Qp̄(R). (3)

The RHS of Eq. (3) is derived from laboratory cross section data and from direct local
measurements of CR densities, without reference to the details of propagation.

In applying Eq. (1) to p̄, a subtlety arises due to the fact that the cross sections appearing
in Eq. (2) can (and for p̄, do) depend on energy. In Eq. (2) we define these cross sections
such that the source term Qa(R) is proportional to the progenitor species density nP (R)
expressed at the same rigidity (we will clarify this statement down the road in Eq. (6)).
For relativistic nuclei (above a few GeV/nuc) produced in fragmentation reactions, e.g. 12C
fragmenting to 11B, the energy dependence of the fragmentation cross section is much less im-
portant. Therefore, before proceeding to calculate Qp̄, we consider the factor nB(R)/QB(R).

The quantity

Xesc(R) =
nB(R)

QB(R)
, (4)

known as the CR grammage [2] (see App. A), is a spallation-weighted average of the column
density of ISM traversed by CRs during their propagation, the average being taken over

3 Note: neither the over-all CR intensity, nor the target ISM density, needs to be uniform in the propagation

region in order for Eq. (1) to apply. Indeed, the ISM exhibits orders of magnitude variations in density

across the Galactic gas disc and rarified halo [31].
4 This is, of course, provided that the CR specie being compared do not exhibit species-dependent com-

plications like decay in flight (for radionuclei like 10Be) or radiative energy losses (for e+). In addition,

rigidity only really becomes the magic quantity for propagation at relativistic energies (see e.g. [27]).
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where (�a/m) and (�P!a/m) are the total inelastic and the partial P ! a cross section per
target ISM particle mass m, respectively.

We stress that Eq. (1) is an empirical relation, known to apply to ⇠10% accuracy in
analyses of HEAO3 data [26, 27] and – as we shall see shortly, focusing on p̄ – consistent
with subsequent PAMELA [10] and AMS02 [16] measurements.

From the theoretical point of view, Eq. (1) is natural [2, 28–30]. It is guaranteed to
apply if the relative composition of the CRs in the regions that dominate the spallation is
similar to that measured locally at the solar system3: in this case, the source distribution of
di↵erent secondaries is similar. Because the confinement of CRs in the Galaxy is magnetic,
di↵erent CR particles that share a common distribution of sources should exhibit similar
propagation if sampled at the same rigidity4. Thus, the ratio of propagated CR densities
reflects the ratio of their net production rates.

Note that the net source defined in Eq. (2) accounts for the fact that di↵erent nuclei
exhibit di↵erent degree of fragmentation losses during propagation. In this way, specie like
sub-Fe (with fragmentation loss cross section of order 500 mb), B (�B ⇠ 240 mb), and p̄

(�p̄ ⇠ 40 mb) can be put on equal footing.
Further discussion of the physical significance of Eq. (1) is given in Ref. [28] and App. A.

We can use Eq. (1) together with the locally measured flux of B, C, O, p, He,... to predict
the p̄ flux [28, 32]:

np̄(R) ⇡ nB(R)

QB(R)
Qp̄(R). (3)

The RHS of Eq. (3) is derived from laboratory cross section data and from direct local
measurements of CR densities, without reference to the details of propagation.

In applying Eq. (1) to p̄, a subtlety arises due to the fact that the cross sections appearing
in Eq. (2) can (and for p̄, do) depend on energy. In Eq. (2) we define these cross sections
such that the source term Qa(R) is proportional to the progenitor species density nP (R)
expressed at the same rigidity (we will clarify this statement down the road in Eq. (6)).
For relativistic nuclei (above a few GeV/nuc) produced in fragmentation reactions, e.g. 12C
fragmenting to 11B, the energy dependence of the fragmentation cross section is much less im-
portant. Therefore, before proceeding to calculate Qp̄, we consider the factor nB(R)/QB(R).

The quantity

Xesc(R) =
nB(R)

QB(R)
, (4)

known as the CR grammage [2] (see App. A), is a spallation-weighted average of the column
density of ISM traversed by CRs during their propagation, the average being taken over

3 Note: neither the over-all CR intensity, nor the target ISM density, needs to be uniform in the propagation

region in order for Eq. (1) to apply. Indeed, the ISM exhibits orders of magnitude variations in density

across the Galactic gas disc and rarified halo [31].
4 This is, of course, provided that the CR specie being compared do not exhibit species-dependent com-

plications like decay in flight (for radionuclei like 10Be) or radiative energy losses (for e+). In addition,

rigidity only really becomes the magic quantity for propagation at relativistic energies (see e.g. [27]).

Antiprotons
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where (�a/m) and (�P!a/m) are the total inelastic and the partial P ! a cross section per
target ISM particle mass m, respectively.

We stress that Eq. (1) is an empirical relation, known to apply to ⇠10% accuracy in
analyses of HEAO3 data [26, 27] and – as we shall see shortly, focusing on p̄ – consistent
with subsequent PAMELA [10] and AMS02 [16] measurements.

From the theoretical point of view, Eq. (1) is natural [2, 28–30]. It is guaranteed to
apply if the relative composition of the CRs in the regions that dominate the spallation is
similar to that measured locally at the solar system3: in this case, the source distribution of
di↵erent secondaries is similar. Because the confinement of CRs in the Galaxy is magnetic,
di↵erent CR particles that share a common distribution of sources should exhibit similar
propagation if sampled at the same rigidity4. Thus, the ratio of propagated CR densities
reflects the ratio of their net production rates.

Note that the net source defined in Eq. (2) accounts for the fact that di↵erent nuclei
exhibit di↵erent degree of fragmentation losses during propagation. In this way, specie like
sub-Fe (with fragmentation loss cross section of order 500 mb), B (�B ⇠ 240 mb), and p̄

(�p̄ ⇠ 40 mb) can be put on equal footing.
Further discussion of the physical significance of Eq. (1) is given in Ref. [28] and App. A.

We can use Eq. (1) together with the locally measured flux of B, C, O, p, He,... to predict
the p̄ flux [28, 32]:

np̄(R) ⇡ nB(R)

QB(R)
Qp̄(R). (3)

The RHS of Eq. (3) is derived from laboratory cross section data and from direct local
measurements of CR densities, without reference to the details of propagation.

In applying Eq. (1) to p̄, a subtlety arises due to the fact that the cross sections appearing
in Eq. (2) can (and for p̄, do) depend on energy. In Eq. (2) we define these cross sections
such that the source term Qa(R) is proportional to the progenitor species density nP (R)
expressed at the same rigidity (we will clarify this statement down the road in Eq. (6)).
For relativistic nuclei (above a few GeV/nuc) produced in fragmentation reactions, e.g. 12C
fragmenting to 11B, the energy dependence of the fragmentation cross section is much less im-
portant. Therefore, before proceeding to calculate Qp̄, we consider the factor nB(R)/QB(R).

The quantity

Xesc(R) =
nB(R)

QB(R)
, (4)

known as the CR grammage [2] (see App. A), is a spallation-weighted average of the column
density of ISM traversed by CRs during their propagation, the average being taken over

3 Note: neither the over-all CR intensity, nor the target ISM density, needs to be uniform in the propagation

region in order for Eq. (1) to apply. Indeed, the ISM exhibits orders of magnitude variations in density

across the Galactic gas disc and rarified halo [31].
4 This is, of course, provided that the CR specie being compared do not exhibit species-dependent com-

plications like decay in flight (for radionuclei like 10Be) or radiative energy losses (for e+). In addition,

rigidity only really becomes the magic quantity for propagation at relativistic energies (see e.g. [27]).

Antiprotons
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Antiproton constraints on dark matter annihilation?

No robust way to compute DM annihilation constraints from antiproton data. 

Source terms distributed very differently: 
DM halo and CR halo thought to extend to  
multi-kpc scales,  
secondary CR sources confined to ~ 100 pc.  

Uncertain enhancement factor, ~ 1-100,   
to “DM signal”. 

Many authors set constraints, 
parametrising this uncertain  
enhancement… somehow

Agashe, KB, Perez, Lee (0912.3070)
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Reasonably conservative:  

DM injection rate density  

should not exceed secondary injection rate density  
in a typical region in the MW gas disc

Antiproton constraints on dark matter annihilation?

Secondary, ISM density 1/cc
M=0.2TeV

Thermal relic

M=1TeV
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Secondary, ISM density 1/cc
M=0.2TeV

x 1000

x 100

Thermal relic

M=1TeV

Antiproton constraints on dark matter annihilation?

Reasonably conservative:  

DM injection rate density  

should not exceed secondary injection rate density  
in a typical region in the MW gas disc
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Positrons



e+ are produced by CR proton collisions with interstellar matter (ISM). 
We can calibrate the amount of ISM target from B/C data. 

e+ loose energy during propagation.  
So, some of the secondary flux should be lost. 

The e+ flux should be lower than the flux we would get, if losses were not important. 

A simple upper bound prediction:

!11

Positrons
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

0907.1686
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e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)



Why would dark matter or pulsars inject this e+ flux?
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So what is the issue with e+? 
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So what is the issue with e+? 

1. Can it be that the flux of TeV e+ is not suppressed by energy losses? 
2. Can it be that the flux of 100GeV e+ is not suppressed, while that of 10GeV is?
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So what is the issue with e+? 

1.Can it be that the flux of TeV e+ is not suppressed by energy losses?

Energy losses suppress the flux, if the cooling time is shorter than the 
propagation time. 

@TeV cooling time ~ 0.3 Myr ==> TV propagation time ~ 0.3 Myr?

Porter & Strong, astro-ph/0507119
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So what is the issue with e+? 

2. Can it be that the flux of 100GeV e+ is not suppressed, while that of 10GeV is?

Cooling time ~ 1/E ==> propagation time ~ 1/R? 
…cannot continue much beyond TV; bi-modal CR age contributions?
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Old ~ 10 Myr Young < 1 Myr
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So what is the issue with e+? 

1. Can it be that the flux of TeV e+ is not suppressed by energy losses? 
2. Can it be that the flux of >100GeV e+ is not suppressed, while that of <100GeV is?

I don’t know of any contradiction of 1,2 with theory or observations. 

Some ideas in the literature, e.g., recent CR injection by SNR 
e.g. Ahlers, Mertch, Sarkar (0909.4060), Mertch & Sarkar (1402.0855), 
Kachelrie, Neronov, Semikoz (1504.06472), Thomas et al (1605.04926)

1708.04316, 408MHz (CGPS)
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Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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Sharp spectral features?

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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Sharp spectral features?

With current data, sharp spectral features in e+ are unlikely: 
The total e flux is very smooth.

KB, Annika Reinert, 1807.xxxxx

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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If no sharp feature, then what? 

HESS/DAMPE/CALET total e flux at E~3 TeV consistent w/ secondary flux. 

KB, Annika Reinert 1807.xxxxx
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Very precise e- and e+ measurements: KN steps?

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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Radioactive nuclei

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?



Anti-He and anti-d
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Anti-He and anti-d

The calculation of CR anti-nuclei is similar to that for antiprotons. 

The uncertainty (at relativistic energies, R>few GV) is not from CR propagation, 
but from production cross sections. 
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Anti-He3
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AMS02, 2018, CERN colloquium: 6 anti-He3 events in ~7 years exposure  
(anti-He3/He4 ~ 1/10^8)

New physics?
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AMS02, the same CERN colloquium: 2 anti-He4 events…  
(anti-He4/anti-He3 ~ 1/3)

AMS02, 2018, CERN colloquium: 6 anti-He3 events in ~7 years exposure  
(anti-He3/He4 ~ 1/10^8)

Experimental problem?



Summary 

DM annihilation could have showed up naturally for O(10GeV) WIMPs… 

A lot of information, and more is coming.  

Antiprotons and e+ look secondary. 
If e+ are secondary, it entails serious revision to CR propagation stories. 
Several ways to test in the next few years (precision TeV e data, radionuclei). 

If AMS02 anti-He is not an experimental issue, it may be new physics  
(of extreme and surprising nature… how to make anti-He4/anti-He3 ~ 1/3 ?)
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Xtra
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Sharp spectral features?

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)
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FIG. 5: e

+
/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The

upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e

+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [59].

The measured e

+
/p̄ flux ratio does not exceed and is always comparable – within about

a factor of two – to the secondary upper bound. Moreover, the e

+
/p̄ ratio saturates the

bound over an extended range in rigidity. The most natural interpretation of this result,
is that the coincidence of the measured e

+
/p̄ ratio with the ratio of the production rates

(pp ! e

+)/(pp ! p̄) is not an accident. Taking into account that, as we saw in the previous
section, p̄ are likely of secondary origin (certainly dominated by secondary production), it
is natural to deduce that AMS02 is observing secondary e

+ as well.
A compatible but less robust way to represent the secondary e

+ upper bound is by
computing the zero-loss secondary e

+ flux directly from the B/C grammage, as we did for
p̄ in Fig. 2. Namely, we write

ne+(R) . nB(R)

QB(R)
Qe+(R). (9)

We stress that, similarly to the p̄/p situation exhibited in Fig. 3, Eq. (9) is much more
sensitive to the unknown CR spectra in the spallation regions than is the e

+
/p̄ ratio

of Fig. 5. Nevertheless, to make contact with common presentations of the data in the
literature and to exploit the higher energy e

+ data reported by AMS02 [60], we show in
Fig. 6 the secondary upper bound on e

+ derived Eq. (9).

e+ upper bound predicted in Katz et al (0907.1686),  

Evaluated with latest cross section and CR nuclei data (1709.06507, 1709.04953)
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Radioactive nuclei

At rigidity R~20GV, 
CR age is of order 10 Myr.

Observer frame  
lifetime  

    =       4.2 Myr              23 Myr                212 Myr  

Perhaps e+ is evidence of new physics, CR unknowns make it difficult to assess. 
How do we test this further?
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similar to those observed locally. 

But this simple possibility is not guaranteed from theory, and could be violated to 
some extent.
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The data supports the simple possibility, that CR nuclei (C,N,O,…) have similar 
propagation histories as CR p, He, and that fragmentation occurs w/ CR spectra 
similar to those observed locally. 

But this simple possibility is not guaranteed from theory, and could be violated to 
some extent.
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].

AMS02 results hint for a secondary origin for CR e

+ [36]11. However, this result comes
with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.

To appreciate the e

+ puzzle, we must go into somewhat more muddy waters of CR
astrophysics and consider the interplay of e+ energy losses with the e↵ects of propagation.
For later convenience it proves useful to define the loss suppression factor fe+ via

ne+

np̄
= fe+(R)

Qe+(R)

Qp̄(R)
. (9)

In Fig. 6 we show fe+ as derived from Fig. 5. The upper bound means that for secondary e

+

we expect fe+(R)  1. The e

+ puzzle concerns the observation that fe+(R) is never much

11 Ref. [56] recently joined this understanding. We note, however, that our evaluation of the Qe+/Qp̄ ratio

in Fig. 5 is lower than that of [56] by 30-50% at R . 100 GV. This di↵erence led [56] to conclude that e+

are not a↵ected by radiative losses at all energies; while we believe that the data implies some radiative

loss e↵ect at R . 100 GV. The basic conclusion, putting 30-50% di↵erences aside, is similar: e+ are

consistent with secondaries.
12 For early comprehensive analyses see e.g. [57–59].
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].

AMS02 results hint for a secondary origin for CR e

+ [36]11. However, this result comes
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].

AMS02 results hint for a secondary origin for CR e

+ [36]11. However, this result comes
with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.

To appreciate the e
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].
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with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.
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+ [36]11. However, this result comes
with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.
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In Fig. 6 we show fe+ as derived from Fig. 5. The upper bound means that for secondary e
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11 Ref. [56] recently joined this understanding. We note, however, that our evaluation of the Qe+/Qp̄ ratio

in Fig. 5 is lower than that of [56] by 30-50% at R . 100 GV. This di↵erence led [56] to conclude that e+

are not a↵ected by radiative losses at all energies; while we believe that the data implies some radiative
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].

AMS02 results hint for a secondary origin for CR e

+ [36]11. However, this result comes
with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.
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+ puzzle, we must go into somewhat more muddy waters of CR
astrophysics and consider the interplay of e+ energy losses with the e↵ects of propagation.
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we expect fe+(R)  1. The e

+ puzzle concerns the observation that fe+(R) is never much
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as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.

To appreciate the e

+ puzzle, we must go into somewhat more muddy waters of CR
astrophysics and consider the interplay of e+ energy losses with the e↵ects of propagation.
For later convenience it proves useful to define the loss suppression factor fe+ via

ne+

np̄
= fe+(R)

Qe+(R)

Qp̄(R)
. (9)

In Fig. 6 we show fe+ as derived from Fig. 5. The upper bound means that for secondary e
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+ puzzle concerns the observation that fe+(R) is never much

11 Ref. [56] recently joined this understanding. We note, however, that our evaluation of the Qe+/Qp̄ ratio

in Fig. 5 is lower than that of [56] by 30-50% at R . 100 GV. This di↵erence led [56] to conclude that e+

are not a↵ected by radiative losses at all energies; while we believe that the data implies some radiative

loss e↵ect at R . 100 GV. The basic conclusion, putting 30-50% di↵erences aside, is similar: e+ are

consistent with secondaries.
12 For early comprehensive analyses see e.g. [57–59].
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FIG. 6: fe+ extracted from Fig. 5. The upper bound for secondary e+ reads fe+  1. Error bars
reflect the measurement error on p̄/e+ reported in [16]. Systematic cross section uncertainties in
pp ! p̄, e+, not shown in the plot, are in the ballpark of 10%.

smaller than unity, and moreover fe+(R) approaches unity for increasing R.
In considering that the observed fe+(R) approaches unity, it is important to note that

theoretically the possible range of the suppression factor is 0 < fe+ < 1: this just says that
a prominent primary source of e± could make the e+ flux as large as we wish in comparison to
the loss-less secondary prediction; while strong radiative losses, if at work, could extinguish
the flux. This is to be contrasted with the e

+
/e

± fraction, that is limited to the range
0 < e

+
/e

± . 0.5 due to total charge neutrality making essentially all suggested primary e

+

source possibilities13 equal emitters of e�.

B. Radiative energy loss vs. CR propagation time, illustration with leaky box and
di↵usion models

The name of the game is to figure out the interplay of e+ energy loss with CR propagation:
this is needed either to establish the necessity of a primary e

+ source, or to understand the
lessons for CR propagation if e+ are consistent with secondary.

At high energy R > 10 GV, e+ energy loss is dominated by synchrotron and IC. In the
Thomson regime, the e

+ radiative cooling time

tcool(R) = �R
Ṙ (10)

13 For pure secondary production of both e+ and e� in pp collisions, there is in fact a small charge imbalance

favouring e+ over e� due to the charge imbalance in the initial state. If there where no primary e� around,

therefore, pure secondary production would produce e+/e± slightly larger than 0.5.
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FIG. 11: fe+ extracted from Fig. 5. Green markers: bremsstrahlung losses estimated from Xesc

and subtracted from fe+ . Blue markers same as in Fig. 6.

Another feature that is not included in Eqs. (11,28-29) is bremsstrahlung losses. The
bremsstrahlung radiation length is ⇣ ⇡ 60 g/cm2 [3], approximately independent of energy
and insensitive to the H:He ratio in the ISM, such that the corresponding cooling time is
tbrem ⇡ ⇣/(c⇢ISM). The energy loss term in the e

+ continuity equation takes a form similar
to that of a fragmentation loss term for nuclei,

@

@R
⇣
Ṙn

+
e

⌘

brem
⇡ ��brem n

+
e , (30)

where

�brem = �c⇢ISM

⇣


@ log (Rn

+
e )

@ logR
�
. (31)

For ne+ ⇠ R��e+ with �e+ ⇠ 2.75� 3, we have �brem ⇡ C(c⇢ISM/⇣) with C ⇠ 1.75� 2.
Using the similarity to fragmentation losses of nuclei, the e

+ loss suppression factor due
to brem is

fe+,brem ⇡ 1

1 +Xesc �brem

. (32)

In Fig. 11 we repeat the calculation of f+
e , modding out (in green) the brem contribution

using Eqs. (31-32) with C = 2. Bremsstrahlung modifies f+
e by ⇠ 40% at R = 10 GV but

becomes negligible at R ⇠ 100 GV.
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A more robust derivation:  

Skip B/C, relate e+ directly to pbar
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FIG. 5: e+/p̄ flux ratio: AMS02 data compared to the secondary upper bound of Eq. (8). The
upper bound (e+/p̄ source ratio) is shown with di↵erent assumptions for the proton spectrum in
the secondary production regions. Systematic cross section uncertainties in pp ! p̄, e+, not shown
in the plot, are in the ballpark of 10%. Dashed black line shows the result evaluated for the
locally measured Jp, while blue and green lines show the result for harder and softer proton flux,
respectively, as specified in the legend. Taken from [55].

AMS02 results hint for a secondary origin for CR e

+ [36]11. However, this result comes
with a puzzle. If e+ are secondary, then Fig. 5 suggests that the e↵ect of radiative energy
loss in suppressing the e+ flux is never very important, and possibly becomes less significant
as we go to higher e+ energy. As we shall see, this behaviour contradicts the expectations
within common models of CR propagation12.

To appreciate the e

+ puzzle, we must go into somewhat more muddy waters of CR
astrophysics and consider the interplay of e+ energy losses with the e↵ects of propagation.
For later convenience it proves useful to define the loss suppression factor fe+ via

ne+

np̄
= fe+(R)

Qe+(R)

Qp̄(R)
. (9)

In Fig. 6 we show fe+ as derived from Fig. 5. The upper bound means that for secondary e

+

we expect fe+(R)  1. The e

+ puzzle concerns the observation that fe+(R) is never much

11 Ref. [56] recently joined this understanding. We note, however, that our evaluation of the Qe+/Qp̄ ratio

in Fig. 5 is lower than that of [56] by 30-50% at R . 100 GV. This di↵erence led [56] to conclude that e+

are not a↵ected by radiative losses at all energies; while we believe that the data implies some radiative

loss e↵ect at R . 100 GV. The basic conclusion, putting 30-50% di↵erences aside, is similar: e+ are

consistent with secondaries.
12 For early comprehensive analyses see e.g. [57–59].
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