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General Phenomenology

Example set-up

Nuclear Dark Matter at DEAP-3600 

Based on…!
Hardy, Lasenby, March-Russell, SW: arXiv:1411.3739, arXiv:1504.05419 !
Butcher, Kirk, Monroe, SW: arXiv:1605.XXXX.

Motivation and Introduction 



Can we have analogy to SM? Rich spectrum of composite (nuclei-like) states
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Can we build up very large composite states of DM?



Can we have analogy to SM? Rich spectrum of composite (nuclei-like) states

NDM - Motivation

Some old examples of DM bound states:

Wimponium (bound state of two DM particles)

Atomic dark matter 

Can we go bigger?

M. Pospelov and A. Ritz’08; March-Russell, SW ’08; 
Shepherd, Tait, Zaharijasb ’09; Panotopoulos ’10, Laha 
’13 ’15; Von Harling, Petraki ’14, Petraki, Postma, 
Wiechers ‘15!

Kaplan, Krnjaic, Rehermann, Wells ’09, ‘11!

Can we build up very large composite states of DM?



NDM - Assumptions

Propose DM has short-ranged strong “nuclear” binding force with hard core repulsion  - 
analogy with the SM

Dark nuclear components or “dark nucleons” posses approximately-conserved quantum 
number, Dark Nucleon Number (DNN) - analogous to baryon number

G. Krnjaic and K. Sigurdson ’14; Hardy, Lasenby, 
March-Russell, SW ’14, ’15!

Assume dark nucleons only - asymmetric DM



NDM - Assumptions

Propose DM has short-ranged strong “nuclear” binding force with hard core repulsion  - 
analogy with the SM

Dark nuclear components or “dark nucleons” posses approximately-conserved quantum 
number, Dark Nucleon Number (DNN) - analogous to baryon number

For simplicity, only one type of dark nucleon present

G. Krnjaic and K. Sigurdson ’14; Hardy, Lasenby, 
March-Russell, SW ’14, ’15!

Dark nuclei exist with a range of DNNs, forming post freeze-out via dark nucleosynthesis

No coulomb force - binding energy per nucleon does not turn over at large DNN

Assume dark nucleons only - asymmetric DM



Nuclear Dark Matter

Related works

QCD-like model - nuclei with small numbers of dark nucleons:
Detmold, McCullough, Pochinsky ’14 

Yukawa interactions between dark nucleons leading to dark nuclei (or 
nuggets) with large number of nucleons. !

      -  No hard core repulsion leading to interesting radius v DNN behaviour

Wise and Zhang ’14

Similar in some ways to q-balls
Frieman, Gelmini, Gleiser, Kolb ’88; Frieman, Olinto, 
Gleiser, and C. Alcock ‘89 Kusenko, Shaposhnikov 
’97;



Nuclear Dark Matter

Schematically

T
Asymmetry generated/shared with 
dark nucleons

Fusions take place

Spectrum of nuclear states fixed

Freeze-out of individual dark nucleons 
- relic density set by the asymmetry

Nucleons are still in kinetic 
equilibrium - but are non-
relativistic

Fusions freeze-out

Nucleons hit and fuse with each 
other 

T ⇠ B.E/nucleon

T ⇠ mdn

30

Dark Nucleosynthesis

TFFO

Hardy, Lasenby, March-Russell, SW ’14, ’15



Nuclear Dark Matter

Aggregation process - neglecting dissociations
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Hardy, Lasenby, March-Russell, SW ’14, ’15

Boltzmann equation for a dark nucleus with k-dark nucleons



where we can define a dimensionless time 
variable

dw
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Where also is total yield of dark nucleons

parameterises rate of fusion for different sized dark nuclei

geometrical cross section of individual dark nucleon

velocity of single dark nucleon

and

where
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APPROXIMATING

Related to geometrical 
size

Related to relative 
velocity v2 ⇠ T/m

Scaling Attractor Solution

h�vii,j = �1v1Ki,j

Ki,j ⇠ (i2/3 + j2/3)
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h�vi ⇠ (radiusi + radiusj)
2 vrel



APPROXIMATING

Related to geometrical 
size

Related to relative 
velocity v2 ⇠ T/m

Scaling Attractor Solution

h�vii,j = �1v1Ki,j

Ki,j ⇠ (i2/3 + j2/3)

✓
1

i1/2
+

1

j1/2

◆

K�i,�j = �1/6Ki,j

For this case there is an attractor scaling solution for large DNN (valid for all initial 
conditions we consider). 

See e.g. Krapivsky, Redner, Ben-Naim, A Kinetic View of Statistical Physics, CUP, ‘10 

Notice that by rescaling we have

h�vi ⇠ (radiusi + radiusj)
2 vrel

Physically, if we scale up the DNN of all of the DN by some factor (    ), corresponds to an 
overall scaling of the rate of fusions. Doesn’t change the relative rates of different-number 
processes.

�

Shape of distribution remains fixed as mean DNN grows.
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yk(0) = e�k/30Initial con: mostly in single 
nucleons, but with a sub-dominant 
tail

APPROXIMATINGNUCLEAR DARK MATTERScaling Solution

Final distribution is independent of initial conditions

Hardy, Lasenby, March-Russell, SW ’14, ’15



If we have small-large fusions can actually go even larger…

How Big Can We Go?

How big can we go? For equal size fusions k + k ! 2k

nk = n0/k � ⇠ �1k
2/3 vk ⇠ v1k

�1/2
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Hardy, Lasenby, March-Russell, SW ’14, ’15

Parameters set to SM-like values - motivated by ADM. We find

)
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Internal dark nuclear density Individual dark nucleon mass~ Temp when 
fusions freeze-out



Phenomenology of NDM

Changes for direct detection signals

Dark matter momentum dependent form factor

Coherent scattering from dark nuclei

Inelastic processes

Collective low energy excitations

Indirect detection signals

Inelastic self-interactions

Capture in stars

Asymmetric in nature so can build up in stars



Event rate:
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DM-Nucleus zero-momentum-transfer cross 
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Nuclear form factor,       =momentum transfer
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Direct Detection - NDM

�0 DN-SM nucleon zero-momentum-transfer cross section

Full recoil spectrum for a distribution of dark nuclei is the sum over k for all - see later
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Dark Form Factor

Momentum dependent form factor

 For we will probe the structure of the dark nucleus

 Assume a spherical top hat dark nucleon distribution

)

Provided the dark nucleus is larger than the SM nucleus we will 
see effect of form factor first in recoil spectrum

Fk(q) =
qRk cos(qRk)� sin(qRk)

(qRk)
3

�q > R�1
k

Rk ⇠ R0k
1/3with



Direct Detection - Single k
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Dark nucleon mass=20 GeV
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Response function from 
Germanium detector

Hardy, Lasenby, March-Russell, SW ’14, ’15

NDM



Direct Detection - Single k

0 5 10 15 20 25 30
ER
keV

10-8
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dR êdER
Hday kg keVL-1 Same as previous but with 

Response function from 
Xenon detector



Direct Detection - Current and projected limits

Current limits from Xenon100 (225 days exposure) and projected limits from 
DEAP-3600 (3 years using 3600Kg mass)

Butcher, Kirk, Monroe, SW ‘16

DEAP-3600
XENON100

NDM
WIMP
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Energy Response Function
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Effect of energy response function (for a DEAP-3600 like detector) on resolving form factor at 
high k

Butcher, Kirk, Monroe, SW ‘16



WIMP vs NDM

If we have events at a direct detection experiment, can we distinguish between a WIMP and 
NDM?

Look at the case of a single k NDM state 

Keep sampling events from NDM spectrum until we can reject the WIMP hypothesis. 

Sample events from NDM spectrum and try to fit a WIMP recoil spectrum



WIMP vs NDM

Fixed energy window
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Direct Detection

Effective form factor from distribution of sizes
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Harder to distinguish between WIMP and NDM - need to do multi-detector halo-
independent analysis 

Hardy, Lasenby, March-Russell, SW ’14, ’15



Summary

Nuclear DM possibility a big departure from WIMP freeze-out

Lots of possibilities to investigate!

Thermally produced dark matter with masses in excess of the 
usual unitarity bound

Direct detection rates coherently enhanced by DNN and the possibility 
of a momentum dependent form factor

Produce states with very large spin?

Inelastic interactions in both direct detection and in astrophysical 
environments


