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Part I 
 AMS days— 

 Discuss less prominent indirect detection idea 

 Antideuteron detection 

 Way to look at likely dominant indirect signal 
 Assuming dark matter and normal matter interact 

 Antiproton 
 But antideuteron—with much less background 

 Antideuteron searches 
 Good: low background 

 Bad: low rate 

 Worthwhile to complement antiproton searches 



Part II 
 Alternative dark matter model 

 Partially Interacting Dark Matter (PIDM) 

 Fraction of dark matter interats 

 Double Disk Dark Matter 

 DDDM 

 Fraction of dark matter, but denser distribution 

 Indirect detection: big boost factor 

 Mention a few other ways to look 
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(WIMPy) Dark Matter Detection 
 Direct Detection critical 

 

 Indirect Detection important as well 

 Photons 

 Positrons 

 Antiprotons 

 



Model-Dependent 
 Rates for direct detection depend on coupling to 

protons and neutrons 

 Rates for indirect detection depend on favored 
annihilation channels 

 Good 

 Way of distinguishing models 

 Bad 

 Unless multiple search strategies done at high 
sensitivity, dark matter could be missed 



Early Paper 



Slightly later paper 



Indirect Searches 
 

 Positron, antiprotons searches interesting 

 Many models favor annihilation into 

 Quark/antiquark pairs 

 W boson pairs 

 Antiprotons produced in either case 

 But ambiguity about signal versus background 

 Alternative ways to look for q qbar final state? 

 

 

 

 



Antideuterons 
 Donato, Fornengo, Salati ̅  

 Antideuterons can dominate over background in low 
energy region 

 Ethreshold=7mp for antiprotons, 17mp for antideuterons 
 p(p‾), pp(p‾)n(n‾ )final states 

 Rest frame of p 

 Highly boosted 

 Binding energy is 2.2MeV 
 Can’t slow it down without dissociating 

 Implies very little background T<1GeV 

 Dark matter can populate low energy region 

 Better way in principle to search for many good dark matter 
candidates 

 

 

 



DPS: Essentially Background Free 



Good Sensitivity Planned 
New Experiments 

  
•AMS : Anti-Matter Spectrometer 

•T/n<1 GeV and higher range 
•GAPS: General/Gaseous Antiparticle Spectrometer 

•T/n<0.2 GeV 



GAPS: General/Gaseous 
Antiparticle Spectrometer 
 Long duration balloon experiment 

 Antideuterons captured and result in exotic atom in 
final state 

 Decays into X-rays at well-defined energies 

 Plus a correlated pion signature 

 Time of flight detection to tag events and particle 
velocities 

 Distinguish from eg antiprotons 

 Si/Li detectors for X-ray resolution and particle 
tracking 

 

 



GAPs and AMS can be sensitive 

Fornengo, Maccione, 
Vittino 



Antideuteron Production 
 Poorly understood but estimated 

 Coalescence model 
 Background: pp->pppbar, ppnbar 

 Monte Carlo 
 Annihilation to quarks, gauge bosons 

 Subsequent hadronization and fragmentation 

 P, n nearly at rest but ke<B, probably no antideuteron 

 Kn- kp<(2mpB)1/2~70MeV,~pcoal most likely form antideuteron 

  Use data from Z decay 

  pcoal~160MeV  

Better estimate  

  

 
 



Spectra of final states 
 qqbar: Dominated by low kinetic energy antideuterons 

 

 

 

 WW: peaked at higher energy 

 

 

 

WW*->WW u dbar peaked at low energy 





Injection Spectrum 



Need to propagate 
 Include effects of  

 Magnetic fields 

 Antideuteron annihilation 

 Energy losses 

 Solar modulation 

 Introduces model dependence 

 Vary parameters to give range of predictions 



Results 



Mass reach for each mode? 
N necessary to exceed 
background? 



Number vs. Mass  



Mass reach for modes   



Antiproton Constraint 



Antideuteron Reach 
 Clearly important potential improvement 

 Antiproton bounds work only for very heavy dark 
matter 

 Antideuteron can explore some interesting mass range 

 Now: interesting to explore suggested models to see 
how well they work 

 



Implications for Specific Models 
 Many models don’t have exclusive branching ratios to a 

single state 

 Many models tested through direct detection 

 Given current bounds and future prospects, how well 
will antideuteron (or any indirect) detection do? 

 Look at known models and more broadly weak scale 
models with thermal relics 



Model Perspective: 
Direct Detection Implications 
 Not having seen direct detection signal favors models where 

 Interaction with gauge bosons  dominates 

 Spin-dependent interactions 

 Heavy fermions in final annihilation state (Higgs-like mediator) 

 

 Such models have suppressed direct detection rate 

 But conceivably sufficiently large indirect detection 

 We do general search in terms of any final state, not assuming 
particular models 

 Assume mass, thermal cross sections 
 

  



Models to Consider (in progress) 

 Of interest today 

 Models predicting GeV Fermi excess in galactic center 

 Dark matter annihilating to b bar 

 Antideuteron searches well set up 

 To accommodate direct detection 

 Pseudoscalar intermediate state 

 Flavor dependent final state 

 Decay to Z’ Z’ then decays 

 Z’ can be light, coupling can be small 

 Important for antideuterons 

 



Summary 
 Antideuteron search excellent way to look for DM 

candidates with qqbar final states 

 In some cases, can be best way to find DM 

 Will give complementary information about DM 
interactions 

 Implications for models in progress 
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Dark Matter 
 What is dark matter? 

 We know of gravitational interactions 

 Very little about possible others 

 Know weakly interacting, but that’s about it 

 How to learn about dark matter? 

 Direct Detection 

 Indirect Detection 

 In general requires unusual dark matter distribution 

 Or unusual dark matter model 

 To get visible signal 



Status 
 Dark matter searches to date always based on 

optimistic assumptions 

 Dark matter interacts with our matter at some level 

 In principle could be purely gravity coupling 

 Or coupling only to its own sector 

 Does dark matter have self-interactions? 

 Or does at least some of it? 

 Alternative to standard WIMP paradigm 

 Partially Interacting Dark Matter  (PIDM) 



Leads to Dark Disk (DDDM) 
Double Disk Dark Matter 
 
 Can we imagine a bigger dark matter annihilation 

signal? 

 Perhaps dark disk inside galactic plane 

 But one with significant consequences 
 Leads to rethinking of implications of almost all dark 

matter, astronomical, cosmological measurements 

 Will be tested 

 Since we don’t know what dark matter is 
 Should keep an open mind 

 Especially in light of abundance of astronomical data 

 



Provides Enormous Boost Factor 
 Dark matter that condenses into a disk is much denser 

 Net enhancement of density over ordinary matter 

Indirect detection proportional to square of this factor 

Can be enormous 



Distinctive Shape to Signal  



PIDM/DDDM changes everything 
 Almost all constraints on interacting dark matter 

assume it is the dominant component 

 If it’s only a fraction, most bounds don’t simply apply 
 Halo structure 

 Galaxy or cluster interactions 
 Eg Bullet Cluster 

 If dark matter interacts, either 
 Reasonably strong constraints 

 Actually not all that strong… 

 Or it’s not all the dark matter! 
 At most about baryonic energy density or fraction thereof 

 



Why would we care?  

 But if a fraction, you might expect even smaller signals 

 However, not necessarily true… 

 Can lead to a DARK DISK 

 Implications of a subdominant component 

 Can be relevant for usual signals if it is denser 

Can be relevant for structure and astronomy too 

 Collapse of halo creates dense structure with different 
gravitational potential 

 PIDM can also be relevant to dwarf satellites, black 
holes, meteoroid flux 

 

 

 



How a dark disk would be formed 
 We know most dark matter in a halo 

 Perhaps fraction that forms a disk 
 Self-interacting dark matter 

 Dark matter interacting via its own force 

 Assume only a fraction 
 Rather than assume all dark matter 

 Maybe like baryons—small fraction with unduly 
important role 
 Baryons matter because formed in a dense disk 

 Perhaps same for component of dark matter 

 

 



Could interacting dark matter cool 
into a Dark Disk? 
 To generate a disk, cooling required 

 Baryons cool because they radiate 
 They thereby lower kinetic energy and velocity 

 Get confined to small vertical region 

 Disk because angular momentum conserved 
   

 Dark disk too requires a means of dissipating energy 

 Assume interacting component has the requisite 
interaction 

 Simplest option independent gauge symmetry 
 “Dark light” 

 



Simple DDDM Model: Dark Light 
 

 Could be U(1) or a nonabelian group 

 U(1)D, αD 

 Two matter fields: a heavy fermion X and a light 
fermion C 

 For “coolant” as we will see 

 qX=1, qC=-1 

 (In principle, X and C could also be scalars) 

  (in principle nonconfining nonabelian group) 



Thermal Abundance of X and C 
 When X freezes out with weak scale mediators, could 

have half temp of SM particles 

 If lighter mediator, could imagine comparable temps 

  In any case, thermal abundance of weak scale particle 
naturally gives ride to fraction of dark matter 
abundance 

 Not true however for light state, which annihilates too 
quickly 

 Probably have both thermal and nonthermal 
components 

 



  
Check Cooling: 
  

 Bremsstrahlung 

 Compton scattering off dark photons 

 

 We make assumption that  cooling stops when recombination 
can occur 

 Approximately B/20 





Cooling temp determines disk 
height   And therefore density of new component 



Disk Height 
 In reality, gravitational heating can occur 

 Reasonable to assume disk height between 

 mP/mX---1 times baryonic disk height 

 Can be very narrow disk 

 For 100 GeV particle, can get boost factor of 10,000! 



Disks at least approximately align 
 Alignment time: 

 R~10 kpc 

 M~1012 Msun 

  



Summary of model 
 A heavy component 

 Was initially motivated by Fermi signal 

 For disk to form, require light component  

 Can’t be thermal (density would be too low) 

 Constraint on density vs mass 

 Aside: anthropic bound on electron mass! 

 With these conditions, expect a dark disk 

 Might even be narrower than the gaseous disk 



Consequence 
 Dark disk 

 Could be much denser and possibly titled with respect to 
plane of our galaxy 

 Very significant implications 

 Even though subdominant component 

 Expect interesting signals 

 And bounds   

 Velocity distributions in or near galactic plane constrain 
fraction to be comparable or less to that of baryons 

 But because it is in disk and dense signals can be rich 



Traditional Methods 
 Smaller direct detection, small velocity 

 Very interesting: below threshold even with big mass 

 Possibly other noncanonical possibilities 

 Indirect detection 

 Possible if mediation between visible, invisible sectors 

 As earlier, could have enhancement and distinctive 
shape 

 Essential for thermal component to survive 



Other methods, constraints 
 Number of degrees of freedom 

 BBN, CMBR : not a problem 

 CMBR 

 New acoustic peak 

 Suppression of structure on small scales 

 PIDM<5% total dark matter 



Bound from Structure 
 Recall bound from shapes not so bad 

 But bound from from matter accounting 

 And detailed shape of galaxy 

 Gravitational potential measured 
 Both in and out of plane of galaxy 

 Star velocities 

 Baryonic matter independently constrained 

 Dominant component of dark matter constrained 
 Extrapolate halo 

 Total constraint on  any new form of matter 

 Constrains any new (nonhalo) component in galactic plane 

w/Kramer 



Various effects 
 Add new component 

 Has different thickness 

 Pinches other components 

 Surface density and thickness ultimately constrained 



This will improve dramatically 
 Hipparcos now 

 Gaia survey measuring position and velocity of stars in 
solar neighborhood 

 Will significantly constrain properties of our galaxy 

 In particular, new disk component will give 
measurable signal if surface density sufficiently height 

 Don’t know how much gas measurements will improve 
but they should too  



Satellites of Andromeda Galaxy 
 About half the satellites are approximately in a (big 

plane) 
 14kpc thick, 400 kpc wide 

 Hard to explain 

 Proposed explanation: tidal force of two merging 
galaxies 

 Fine except of excessive dark matter content 

 Tidal force would usually pull out only baryonic matter 
from disk 

 Not true if dark disk 

w/Scholtz 



 We worked out consequence with dark disk 
 Two important effects- 

 Dark matter in disk 

 Low velocity: more readily bound 

 Assume pull out patch on order of size of Toomre 
instability 



Motion of Sun: Crater Periodicity 



Meteorite Periodicity? 
 Meteorite database gives 21 craters bigger than 20 km 

in circumference in last 250 years 

 Evidence for about 32 million year periodicity 

 Evidence however goes away when look elsewhere 
effect incorporated 

 This will change with a model and measured priors 

 We assume a dark disk take into account constraints 
on measured parameters, and determine whether 
likelihood ratio prefers model to flat distribution 

 And what a posteriori distribution is favored 



IV:Could maybe even explain 
dinosaur extinction… 



Many Consequences to think about 
 

 Can explain dwarf satellite galaxies 
 More general 

 No other explanation 

 Possibly formation big black holes 

 Cluster mergers 

 New results on dark disk constraints 
 Ways to discover 

 Results on planar dwarf galaxy satellites 

 Ultimate anthropic Killing dinosaurs 

 

 



Conclusions 
 Whether or not annihilation “signals” survive, 
 Very interesting new possibility for dark matter 

 That one might expect to see signals from 

 Since in some sense only minor modification (just a 
fraction of dark matter) 

 hard to know whether or not it’s likely 
 But  presumably would affect structure 

 Just like baryons do  
 Research area 

 Rich arena: lots of questions to answer 
 In any case all methods of searching for dark matter 

important 
 Indirect detection: antideuteron useful complement 
 Detailed probes of gravitational potential 


