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Precision Cosmic Ray Measurements

Observations of primary to 
secondary ratios such as the B/C, 
10Be/9Be, as well as individual 
cosmic-ray spectra are becoming 
increasingly precise.


Can significantly constrain 
fundamental parameters of 
cosmic-ray diffusion.




How do we use this precision                                                                                                       
to unlock dark matter searches?





The Antiproton Excess



The Antiproton Excess

Investigate the Antiproton Fraction!


Two Changes:


Ratio is much smaller (don't need to add 
antiprotons into denominator).


Hadronic Energy losses are slower 
(sensitive to antiproton production 
throughout the Galaxy)




The Antiproton Excess

Astrophysics - Smooth Profile


Dark Matter - Sharp Bump!
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The Antiproton Excess

Cui et al. (2017; 1610.03840)

Cuoco et al. (2017; 1610.03071)

Two papers simultaneously find an excess in the AMS-02 Antiproton Data!


Significance approaching (or past) 5σ !




The Antiproton Excess

Cuoco et al. (2017; 1610.03071)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


AMS-02 (2016; 117 091103)



The Antiproton Excess
Reinert, Winkler (2018; 1712.00002)

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Winkler (2017; 1701.04866)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


AMS-02 (PRL 117 2016)

AMS-02 (PRL 121 2018)

See e.g., Weinrich et al. (2002; 2002.11406)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Johannesson et al. (1903.05509)

Evoli et al. (2014; 1411.7623)
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With great precision comes great 
responsibility:
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The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


AMS-02 (PRL 121 2018)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Fisk Potential

HELMOD Collaboration (2011, 1110.4315)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Cholis, Hooper, TL (1511.01507, 2007.00669)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Cholis, Hooper, TL (2007.00669)

Kuhlen, Mertsch (1909.01154)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


AMS-02 (PRL 117 2016)



The Antiproton Excess

With great precision comes great 
responsibility:


Antiproton Production Cross-Section


Galactic Primary to Secondary Ratios


Inhomogeneous Diffusion


Solar Modulation


Instrumental Uncertainties


Cuoco et. al. (2019; 1903.01472)Boudaud et al. (2019; 1906.07119)

Heisig et al. (2020; 2005.04237)



Antinuclei !?



Reflections on Antiproton Excesses

Can we realistically claim a detection of dark matter when signal to 
noise is small? (Antiprotons, GC Excess, DAMA, etc.)




Anything You Can Do, I Can Do (Slightly) Better



AntiNuclei - A Clean Search Strategy ?

Antinuclei carry away a significant fraction of the 
total momentum in a particle collision.


Astrophysical Antinuclei - Most be moving 
relativistically!


Dark Matter Antinuclei - Can be slow!


Donato et al. (1999; hep-ph/9904481)

Fornengo et al. (2017; 1306.4171)



AntiNuclei - A Clean Search Strategy ?

Cosmic-Ray Interactions are highly boosted

Dark Matter Annihilations Occur in the Galactic Rest Frame



AntiNuclei - A Clean Search Strategy ?

Poulin et al. (2018; 1808.08961)

Korsmeier (2017; 1711.08465)

Antihelium background even cleaner than antideuterons


But the flux is supposed to be much smaller.




slide from Sam Ting (La Palma Conference, April 9 2018)



Boosting this Signal to Meet the Challenge?

Poulin et al. (2018; 1808.08961)

1.) Hadronic Interaction Rates (should affect Antiprotons)


2.) Coalescence Rates (here)


3.) Astrophysical Acceleration (here)


4.) New Channels (Martin Winkler)



Coalescence Models - Expected Helium Flux
Poulin  et. al. (2018; 1808.08961)

Poulin et al. (2018; 1808.08961)Poulin et al. (2018; 1808.08961)
Carlson et al. (2014; 1401.2461)

Korsmeier (2017; 1711.08465)

All models of antineutron and anti helium formation 
will have some assumed coalescence momenta.


Under generic assumptions the anti helium flux is 
much smaller than that of antineutrons


Poulin et al. (2018; 1808.08961)





R ∝ p3(A−1)
0



Poulin et al. (2018; 1808.08961)



Key Insight - Coalescence Momentum for Antihelium Should Be Larger

While particle coalescence is hard to measure, the inverse process (fragmentation) is easier 
to measure. Helium’s binding energy significantly exceeds deuteriums


Can also use Heavy ion results (Berkeley Collider), which provide a lower-measurement of 
the coalescence momentum at a specific particle energy:




Key Insight - Coalescence Momentum for Antihelium Should Be Larger

Shukla et al. (2006.12707)



Coalescence Models - Expected Helium Flux
Poulin  et. al. (2018; 1808.08961)

Poulin et al. (2018; 1808.08961)Poulin et al. (2018; 1808.08961)
Carlson et al. (2014; 1401.2461)

Korsmeier (2017; 1711.08465)

Poulin et al. (2018; 1808.08961)

Using more realistic estimates for the anti helium 
coalescence momentum produces a boosted anti 
helium flux, especially at low energies. 




Poulin  et. al. (2018; 1808.08961)

Poulin et al. (2018; 1808.08961)Poulin et al. (2018; 1808.08961)
Carlson et al. (2014; 1401.2461)

Korsmeier (2017; 1711.08465)

Using more realistic estimates for the anti helium 
coalescence momentum produces a boosted anti 
helium flux, especially at low energies. 


Coalescence Models - Expected Helium Flux



Increasing the coalescence momentum can greatly enhance the 


Carlson et al. (2014; 1401.2461)

Coalescence Models - Expected Helium Flux



Coalescence Models - Expected Helium Flux



Problem 2: The AMS-02 Antihelium Excess is not at low energies

1.) Changing the coalescence model primarily affects the Helium yield when the total center 
of mass energy is small.


2.) Very good for predicted rates with GAPS, or low-energy AMS-02 observations.


3.) But AMS-02 antihelium are (generally reported) at energies of ~10 GeV/n.




Astrophysical Enhancements!

The current event rates depend on the 
detector sensitivity to anti-Helium.


We lose many events because most 
anti-He are produced at energies that 
are too small to be detected. 


Use re-acceleration to boost the anti-He 
energies into the detectable range!


Cholis, Linden, Hooper (2020; 2001.08749)





Why is this so Powerful for Anti-Helium?

- Compared to Antiprotons - Antihelium spectrum is strongly peaked at low-energies. 
Momentum diffusion primarily pushes anti helium to higher energies. Antiprotons have a 
power-law spectrum and momentum is distributed in both directions.


- Compared to Anti-deuterons - Charge/Mass ratio is higher for 3He, leads to more 
significant diffusion in momentum space.






Fragmentation is a Second Competing Effect

- Fragmentation also significantly decreases the anti helium and antideuteron fluxes. 

- This is already correctly implemented in our Galprop modeling - otherwise, the anti helium 

flux would be much larger. 






Constraints from Primary-Secondary Ratios

1.) However, the Alfvén velocity can not simply be increased without repercussions. 
Measurements of cosmic-ray acceleration and propagation indicate small Alfvén velocities:  
<~ 20 km/s for all models


2112.08381



Constraints from Primary-Secondary Ratios

Reasonable fits can still be found for key ratios (B/C, He Flux, Carbon Flux) at 23 km/s.


Ilias Cholis



Constraints from Primary-Secondary Ratios

Models at 50 km/s tend to break the B/C ratio.


Ilias Cholis



Constraints from Primary-Secondary Ratios

Increases in the Alfvén velocity produce a feature in the B/C — which is not observed. 

Maximum reasonable Alfvén velocity is ~30 km/s. 


Korsmeier (Preliminary)

B/C



Constraints from Primary-Secondary Ratios

However, the Alfvén velocity does not need to be constant throughout the Galaxy. 




Constraints from Primary-Secondary Ratios

In fact - this is correlated with where dark matter and astrophysical secondaries are 
expected to be created.




Constraints from Primary-Secondary Ratios Korsmeier (Preliminary)

B/C  vA = {10km/s |z | < 1 kpc
vA,outer else



Constraints from Primary-Secondary Ratios

1.) In particular, increases in the Alfvén velocity produce a feature in the B/C 


Korsmeier (Preliminary)

Ratio:    (Case 2)/(Case 1 fixed to ) vA = 30 km/s



The Positron Excess

Key Idea: Investigate the Positron Fraction!


Linden et al. (2017; 1703.09704)

Sudoh et al. (2019; 1902.08203)

Abeysekhara et al. (2017; 1711.06223)



Is There Another Path Forward?
The Diffusion Characteristics of the Galaxy Are More Complicated!

Mukhopadhyay & Linden (2021; 2111.01143)



Is There Another Path Forward?
The Diffusion Characteristics of the Galaxy Are More Complicated!

Johannesson et al. (2019; 1903.05509)



Conclusions 

- Antideuterons and Antihelium provide a dark matter signature where S/N >> 1.


- Tentative evidence for O(10) antihelium events in AMS-02 (!?)


- Difficult to explain given constraints from antiprotons, dSphs


- Need to include some enhancement factor to explain antihelium flux

- Coalescence can be important, but energy is too low

- Astrophysical Reacceleration


- Lambda-Baryons (Stay Tuned!) 




Extra Slides





New Discoveries!



Steigman, Dasgupta, Beacom (2012; 1204.3622)

Thermal Dark Matter Density


Simplest model has a known 
cross-section!


Deviations from this cross-section  
include complicating effects.




Steigman, Dasgupta, Beacom (2012; 1204.3622)

Thermal Dark Matter Density


Simplest model has a known 
cross-section!


Deviations from this cross-section  
include complicating effects.


A Mass Scale!




The Positron Excess

Key Idea: Investigate the Positron Fraction!



