
Stefano Profumo

COFI, San Juan, Puerto Rico
Friday, May 26, 2018

Astro-connections to lepton flavor 
and universality violation

Santa Cruz Institute for Particle Physics
University of California, Santa Cruz



Ø Lepton flavor physics with cosmic rays: (1) the positron excess

Ø Lepton flavor physics with cosmic rays: (2) DAMPE

ØDark matter and lepton flavor universality violation 



Ø Lepton flavor physics with cosmic rays: (1) the positron excess

Ø Lepton flavor physics with cosmic rays: (2) DAMPE

ØDark matter and lepton flavor universality violation 



Most “famous” charged leptons
in Astrophysics:

Anomalous HE Positrons



Rising Positron Fraction with energy 
cut-off at Dark Matter particle mass,

envisioned ~30 years ago, as 
smoking gun for Dark Matter searches

[Tylka 1989, Turner and Wilczek, 1990]



First hint of a rising positron fraction >20 year old!
ü HEAT 1997

ü Pamela 2009
ü Fermi 2010
ü AMS 2013, 2015



Decreasing positron 
fraction assumes
exclusive secondary 
origin
[Physics: D(E) ~ Ed ]

Hence rising fraction = excess

Caveats:
Ø in-source secondary reacceleration 

(ruled out by B/C)
Ø primary production (e.g. PSR)



PSRs work perfectly well

Linden and Profumo, Astrophys.J. 772 (2013) 18

hardly any free parameter!

New
data



Cutoff, in fact, is not a smoking gun for DM!
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Observing a cutoff will likely 
help pinpointing relevant PSR(s)

Known PSR OK 
[new e.g. gamma-ray PSR also important, Gendelev+Profumo 2010]



If positrons come from DM annihilation, 
important implications for New Physics, 

flavor-related model building!

Hooper and Cholis, 2013
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If positrons come from DM annihilation, 
important implications for New Physics, 

flavor-related model building!



While AMS continues to increase 
statistics, a new high-impact 

observational result appeared!













My key problem: (while writing numerous papers on the 
dark matter interpretation) I have a decade-old emotional 

attachment to the pulsar interpretation, that named names…



Key observational result: angular surface brightness

Gamma-ray energies as large as 20 TeV à e+e- as energetic as 100 TeV

100 TeV is deep in KN regime for starlight
à only relevant photons: CMB



Gamma-ray energies as large as 20 TeV à e+e- as energetic as 100 TeV

100 TeV is deep in KN regime for star light 
àonly relevant photons: CMB
àMean free path>>10 pc

àDirect measurement of e+e- diffusion!



Inferred diffusion coefficients:

…versus ISM diffusion coefficient (GALPROP, AMS-02…)

…thus the inferred diffusion coefficient is 100-500 times larger
than the ISM effective value!

(notice also the injected power in electrons is consistent
with being a fraction of O(0.1) of spin-down power)



What does this mean?

Go back to electron transport

Transport model: diffusive (Brownian) motion + energy losses

This PDE has a known Green frunction



What is the diffusion radius for relevant electron energies?

diffusive

regime
energy-lossregime

GALPROP-AMS Diff.Coeff.

“HAWC” Diff.Coeff.

*Profumo, Reynoso, Kaaz, Silverman 2018



* Abaysekara et al (HAWC Coll.) 2017



* Abaysekara et al (HAWC Coll.) 2017





Is this conclusion plausible?

Very probably NO. 
Two key arguments:

1. Lifetime of TeV electrons is short:

We observe directly CR electrons with energies >20 TeV

for HAWC Diff.Coeff., this means a source within 10-20 pc.
Such a source however doesn’t exist!

* Profumo et al, Hooper and Linden 2017



Very probably NO. 
Two key arguments:

2. Models of CR emission predict inefficient diffusion near sources

* Malkov et al 2012, Nava et al 2016, D’Angelo et al 2018

Alfven waves generated by cosmic rays induce a 
net force that suppresses diffusion near the sites of 
cosmic-ray acceleration and, more generally, where 

cosmic-ray fluxes are larger

Is this conclusion plausible?



What happens to the local electron flux
if indeed diffusion is not homogeneous?

*Profumo, Reynoso, Kaaz, Silverman 2018
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*Profumo, Reynoso, Kaaz, Silverman 2018

more energetic and less 
low-energy electrons!

What happens to the local electron flux
if indeed diffusion is not homogeneous?
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What happens to the local electron flux
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*Profumo, Reynoso, Kaaz, Silverman 2018

In reality: source time-dependence, 
additional contributions from other sources….

What happens to the local electron flux
if indeed diffusion is not homogeneous?



How can we test inhomogeneous diffusion?
Does it matter, globally on Galactic scales?

Estimate the volume of regions of inefficient diffusion

1. How big is a PWN as a function of time?



1. How big is a PWN as a function of time?



…but of course the sample is incomplete… (beaming+detectability)
…and we don’t know when PWN run out of steam…

*Profumo, Reynoso, Kaaz, Silverman 2018



so, does this matter?
well, the time spent in inefficient diffusion pockets is 

potentially much larger than volume ratios!

*Profumo, Reynoso, Kaaz, Silverman 2018



…OK, but how can we test this?

*Profumo, Reynoso, Kaaz, Silverman 2018

if a large fraction of CR electrons are trapped in inefficient 
diffusion pockets, those pockets will be illuminated by 

energy-loss radiative processes (radio, IC, brems)

theta ranges from few degrees to 0.1 degrees

can use any frequency from radio (with additional 
B uncert.) to X-ray to gamma rays

Can use simple angular power spectrum, or 
wavelet transforms, Poissonian noise analysis



* Fornasa et al
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The Dark Matter Particle Explorer, or DAMPE, is a 
Chinese Academy of Sciences satellite 

launched on 17 December 2015



Key result: high-statistics measurement of 
HE CR electron+positron flux

DAMPE Collaboration, Nature, December 2017



Key result: high-statistics measurement of 
HE CR electron+positron flux

DAMPE Collaboration, Nature, December 2017



…and prompted an interesting 
socio-nationalistic phenomenon

11/2017 cites
(total=19)

11+12/2017 cites
(total=41)



Assume indeed there is a bump + line – so what?

Ge et al (2018) pretend there’s a line+bump
background: double-broken power law



Assume indeed there is a bump + line – so what?

Ge et al (2018) pretend there’s a line+bump

signal: lepto-philic 1.4 TeV DM annihilation in a nearby 
clump, with some non-flavor universal BR into e:µ:t



Assume indeed there is a bump + line – so what?

t decay produces much fewer and softer electrons than µ
decay – hard to constrain/negligible:

use Ne:Nµ:Nt=1:y:0, fit for y
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Assume indeed there is a bump + line – so what?

What do we learn? 

1. Flavor structure: e.g. implemented by Dirac fermion DM 

with scalar mediator, 

2. Distance to the clump fixed by width of the “line”, density 

distribution fixed by height of line

d ~ 200 pc, rs ~ 100 pc (we are partly within clump!)

[I think this clump would be ruled out by Fermi-LAT!]
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Augment Lµ-Lt Z’ model for B anomalies with a DM particle 
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Augment Lµ-Lt Z’ model for B anomalies with a DM particle 

Consider ql = qc and ql >> qc limits; without loss of generality, set ql = 1



DM Phenomenology: indirect/relic density and direct detection

…expect 3 regimes depending on mc, mZ’ hierarchy



DM Phenomenology: indirect/relic density and direct detection



Light DM, large DM charge, qc =1



Heavy DM, large DM charge, qc =1: tough luck!



Even Heavier DM, smaller DM charge, qc =1/6: barely OK (for now)



Orthogonal view, large DM charge qc =1: ouch!



Orthogonal view, small DM charge qc =1/6



Ø Lepton flavor physics with cosmic rays: (1) the positron excess
ü nearby pulsars are the likely source of anomalous CR positrons

ü if so, diffusion is not homogeneous; we know how to test it!

Ø Lepton flavor physics with cosmic rays: (2) DAMPE
ü premature, but proof of principle of flavor physics model building from 

astro data!

ØDark matter and lepton flavor universality violation 
ü if Z’ from Lµ-Lt is the right explanation to B anomalies, and if Z’ is the 

portal for DM, very predictive scenario, testable with direct detection


