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¥ DM direct detection has made 
tremendous progress, but no clear 
signal so far

¥ Many anomalies have stimulated 
model building activity. Upshot: DM 
could be something very  different 
from a standard WIMP. 

¥ We donÕt want to hit the neutrino 
ßoor without a discovery or a plan!

¥ It is of vital importance to explore 
as many different direct detection 
scenarios as possible!

Introduction

The dark sector could 
be highly non-minimal!



Mediators with Dark Charge
Let mediator !  between dark and visible sector be 
charged under same parity which stabilizes DM " .

Only couples to SM via qq!!
#  Interesting bounds 
     from Astro/Cosmo!

If the ""!  coupling is small 
and m!  < ~ 10 keV,  
the 2 →3 process dominates 
direct detection!

dark mediator
Dark Matter

(dmDM)



¥ Direct Detection experiments are 
analyzed assuming 2" 2 contact 
operator for DM-nucleus scattering.

¥ Inconsistent anomalies may tell us 
something about the nature of the dark 
sector.

¥ ItÕs interesting to deviate from standard 
contact-operator kinematics:

¥ 3-body phase-space is one of the few 
unexplored modiÞcations

Why 2" 3 Scattering?

- inelastic/exothermic DM (change Er cutoff)
- additional v, q suppression in |M|2

- light mediator gives 1/q2, 1/q4

- composite DM (different form factors)
[see paper for refs, big literature!]
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dmDM is the only[citation needed] model 
with sizable 2" 3 cross section
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2" 3 Scattering in Direct Detection
It is instructive to understand the Òparton-levelÓ kinematics of DM-nucleus 
scattering (without nuclear form factors, velocity distributions) 
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WIMP 
with 

# SI = 10-41 cm2 

dmDM with 
yX = 0.2

$ = 9 TeV Spectrum shifted 
towards zero

Can plausibly get large signals!

Full DD Spectra



dmDM vs  WIMP parameters

Silicon (mN = 28 GeV):
13 GeV WIMP 

Xenon (mN = 131 GeV):
17 GeV WIMP 

30 GeV dmDM (with m! =10 ev)

dmDM can ÒmimicÓ a lighter WIMP

There is a detector (mN) dependent map
(mdmDM, # dmDM) "  (mWIMP, # WIMP)



CDMSlite

CDMS! Si

LUX

XENON100

Irreducible neutrino BG
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CDMSlite

CDMS! Si

LUX
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(but then again, nothing else
so far really does...)
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DM self-interaction bounds
DM relic abundance %X

%!

BBN
Neff

Structure Formation

Solar Heat Transfer & Cooling
Supernova Cooling
White Dwarf Cooling
Neutron Star Cooling
Fixed Target Experiments & Beam Dumps
Meson Decays
Z!!  coupling
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DM relic abundance %X

%!

BBN
Neff

Structure Formation

Solar Heat Transfer & Cooling
Supernova Cooling
White Dwarf Cooling
Neutron Star Cooling
Fixed Target Experiments & Beam Dumps
Meson Decays
Z!!  coupling

In
di

re
ct

 D
et

ec
tio

n
LHC monojet bounds
Electroweak precision

weaker than 
2" 3 dominance 
requirement of 
yX < 10-3 

$ > 6.3 TeV

Stellar 
Astrophysics

Early
Universe

øqq!! !
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Stellar 
Astrophysics

Supernovae

Neutron Stars

White Dwarfs

The Sun



Stellar Cooling: Generalities
¥ If                 the scalar can be produced inside of stars.

¥ A production process X1 X2 "  !  +... yields r!  = nX1 nX2 c # ! prod

! s per unit volume per unit time. 
(Generally also integrate over initial particle phase space in thermal bath of the star.) 

¥ If we know the radial proÞles of stellar density, temperature and 
composition we can Þnd the total !  production rate for the star 
(assuming !  does not signiÞcantly alter stellar evolution). 

¥ In the absence of signiÞcant ! -destroying processes, this is equal to the 
equillibrium total !  loss rate.

¥ Unlike neutrinos or axions, !  has a short enough mean-free path &!  
to be trapped inside the stellar core. This means they thermalize, and 
leave when they diffuse within about &!  = (ntarget # target)-1 of the 
surface.
"  So the energy of leaving !  is about T(r), where &! (r) = Rstar - r

m! ! T

This allows us to compute the energy lost due to ϕ emission.
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leave when they diffuse within about &!  = (ntarget # target)-1 of the 
surface.
"  So the energy of leaving !  is about T(r), where &! (r) = Rstar - r

m! ! T

This allows us to compute the energy lost due to ϕ emission.

Obtain radial proÞles of 
sun, white dwarf etc 

from standard textbooks 
or stellar evolution codes



Stellar Cooling: Generalities
¥ If                 the scalar can be produced inside of stars.

¥ A production process X1 X2 "  !  +... yields r!  = nX1 nX2 c # ! prod

! s per unit volume per unit time. 
(Generally also integrate over initial particle phase space in thermal bath of the star.) 

¥ If we know the radial proÞles of stellar density, temperature and 
composition we can Þnd the total !  production rate for the star 
(assuming !  does not signiÞcantly alter stellar evolution). 

¥ In the absence of signiÞcant ! -destroying processes, this is equal to the 
equillibrium total !  loss rate.

¥ Unlike neutrinos or axions, !  has a short enough mean-free path &!  
to be trapped inside the stellar core. This means they thermalize, and 
leave when they diffuse within about &!  = (ntarget # target)-1 of the 
surface.
"  So the energy of leaving !  is about T(r), where &! (r) = Rstar - r

m! ! T

This allows us to compute the energy lost due to ϕ emission.

More exact solution involves 
numerically solving diffusion equation 

for !  population in the star

Current work in progress...

But these estimates are sufÞcient to 
get preliminary  $ bounds from 

stellar cooling.



Compute !  low-energy scattering 
and production cross sections
analytically and in MadGraph.
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¥ Core temperature is about T ~ 1 keV 

¥ number density of nuclei  >>  number density of !  or ' , 
so the most important !  production process is 

                                  '  N "  N !  !
and !! <—''  is negligible. 

¥ For $ = 10 TeV, !  decouples at r ~ 0.7 x Rsun 
where T ~ 0.1 keV

solar !  luminosity < 1% photon luminosity requires $ > 1 TeV.

¥ Slightly stronger bound from radiative heat transfer

                                                           →  Λ > few TeV 
                                                               should be safe
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radiative 
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¥ Core temperature T ~ 1 - 10 keV

¥ The WD population is dominated by stars in the 
0.5 - 0.7 solar mass range in our stellar neighborhood.

¥ The White Dwarf Luminosity Function tells us
how fast they cool. 

White Dwarfs

'  cooling

most WDs 
live here

Observational data 
in good agreement 
with standard 
cooling theory!

Figure from 1303.7232 (Dreiner, Fortin, Isern, Ubaldi 



¥ Max Katz (graduate student of Michael Zingale @ SB)
helped us by simulating the evolution of a sun-like star 
to a typical 0.5 - 0.6 solar mass white darf using the
             stellar evolution code (stellar astrophysics Ògold standardÓ).

¥ When our test dwarf has 0.1 x solar luminosity 
(very young and hot) 
!  power output is < few % total WD lumi if
                             Λ > 30 TeV  

(!  emission even less important at lower core temperature)

White Dwarfs

'  cooling

most WDs 
live here

!"#$ %&'!!

øqq!! !
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Neutron Stars

T ~ 100 keV

Lots of !  production in neutron star core via nn# nn!! , but there is a 
competing annihilation process !!# ''  that is very difÞcult to estimate

require !  cooling 
< neutrino cooling

at T ~ 109K = 100 keV
! ! 10 TeV
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Supernovae
Production of light particles can lead to rapid 
energy loss during supernova explosions. This can 
be constrained by measuring the duration of the 
SN1987 neutrino burst. 

Raffelt hep-ph/0611350

Our !  particles interact much 
more strongly than neutrinos at 
low energies #  completely 
trapped in SN core!
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Early
Universe



¥ If !  is relativistic in the early universe, itÕs relic density is

¥ If we take our largest estimate for $ (%%<—!! ) then !  will freeze 

out just before BBN (T ~ 10 MeV) if & = 10 TeV:

If & = 10 TeV the ! -He scattering cross section is potentially large, 
and we might worry about He nuclei being dissociated. 

¥ The fraction of ! -He scatterings with Erecoil > 7.1 MeV (He binding 
energy per nucleon) during BBN is 

%!  and BBN

Need m!  ~ eV 

Need & > 11 TeV 



¥ During Big Bang Nucleosynthesis (BBN), the leftover ! s act like a 
light neutrino ßavor. Compute their contribution to Neff.

¥ During structure formation !  acts like a collisionless free-streaming 
particle.
#  apply light sterile neutrino bounds to !

    #   No problem for m!  ~ eV.

Neff and Structure Formation

! Ne! !
8
7

so

compare to

"  ~ 2 #  `conßictÕ, but can ameliorate by making !  real, with Z4 dark charge)

M. Wyman, D. H. Rudd, R. A. Vanderveld and W. Hu, arXiv:1307.7715

Plank+WMAP+HighL
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¥ dmDM is the Þrst DM model featuring 2# 3 direct detection, and 
hence adds new kinematics to the model builderÕs tool box.

¥ Heavy DM candidates fake different light wimps at different 
detectors.

¥ Cosmo + Astro sets signiÞcant constraints (& > 30 TeV, m!  ~ eV) 
but large regions of detectable parameter space remain. 

¥ UV completion suggests possibility of LHC discovery.

¥ Stellar cooling bounds can be avoided with a non-minimal dmDM 
model featuring ! 1 and ! 2 at ~ 10 MeV and < eV respectively.

¥ We performed the Þrst systematic study of bounds
on a light scalar with dark charge coupled to the SM.

¥ Open issues to explore: detailed stellar cooling calculation, stabilizing 
the scalar, ßavor model building.

Conclusion
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