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Dark matter bound states
Focus of this talk: dark matter with perturbative couplings, bound states 
consisting of two dark matter particles (or two dark-matter-like particles). 

Analogue: hydrogen atom 

Calculable using simple quantum mechanics 

Existence implies spectral lines - new detectable signature? 

If DM is self-annihilating, a better analogue is positronium 

Capture into bound states can dominate over direct annihilation at low 
velocities 

Signal from annihilation of bound states can differ spectrally from direct 
annihilation



Positronium
At low velocities, direct e+e- annihilation 
(with enhancement from Coulomb 
interaction) to photons is subdominant 
to formation of a (ground state) bound 
state, by a factor of ~3 in rate: 

Both processes have same scaling with 
mass, coupling, velocity. 

Main annihilation signal comes from 
decay of bound states via annihilation; 
spectrum depends on angular 
momentum of bound state.
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Light dark sectors
Simplest scenario: dark matter charged under dark U(1), 
dark gauge boson can mix kinetically with ordinary photon 
[e.g. Arkani-Hamed, Finkbeiner, TRS & Weiner ’09; 
Pospelov & Ritz ’09]: 

Force carriers might be detectable in terrestrial experiments 
[e.g. Essig, Schuster & Toro ’09]; exciting and wide-ranging 
experimental program.

Ilten, Thaler, Williams & Xue ‘15
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The kinetic mixing mechanism
Lmix 

= � F
�� F2��

� New dark gauge boson mixes with photon, couples to charge with strength �.

� Such a term is naturally generated if there exist heavy fields (e.g. GUT / 
Planck scale) charged under both U(1)s (Holdom 286). In this case we can 
estimate the size of the mixing:

� Precision electroweak tests constrain � < 10-3-10-2.

� In SUSY realizations of this framework, kinetic mixing leads to a mixed D-
term. EWSB can then break the dark U(1), and the dark gauge boson inherits 
a mass contribution from the weak scale: mA

2 ~ � mW
2 ~ GeV2.

γDγ

For light dark gauge boson, long-range attractive force 
enhances DM annihilation at low velocities. 

DM annihilation into new force carriers can lead to 
signatures that differ from WIMP expectations. 

Long-range interactions for DM can modify small-scale 
structure of dark matter halos [e.g. Spergel & Steinhardt 
2000; Tulin, Yu & Zurek ’13; Schutz & TRS ’15].

Tulin, Yu & Zurek ‘13



Dark-onium?
Simplest case: Dirac fermion DM + “dark photon” γD 
with mass mγD, coupling αD [e.g. Pospelov & Ritz ’09; 
Petraki, Postma & Wiechers ’15; An, Wise & Zhang 
’16; Petraki, Postman & Vries ’17; Cirelli et al ‘17]. 

At low DM velocities, we must have: 

Requires a light dark photon, mass suppressed 
relative to DM mass scale by O(α2). 

Potential can be approximated as Coulomb-like, so 
we can use results for positronium, with me →mDM 
and α → αD. Dark photon mass affects kinematics + 
can induce velocity suppression of capture rate for 
higher partial waves. 

Similar physics for dark-charged scalar DM and/or 
scalar mediator.
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Effects of dark-onium
Enhanced annihilation 
signals at low velocity. 

Can lift p-wave 
suppression of 
annihilation [An et al ’16]. 

Variations exist with 
stable bound states, e.g. 
atomic dark matter - 
excitation/emission/
absorption signals [e.g. 
Pearce et al ’15]

Cirelli et al JCAP05(2017)036



Heavy WIMPs
DM as the Lightest Supersymmetric Particle (LSP) is a 
long-standing and much-studied hypothesis. 

Lack of detection of low-scale SUSY at LHC has raised 
interest in SUSY models with few-TeV gaugino LSPs [e.g. 
Arkani-Hamed et al ’12, Arvanitaki et al ’13, Hall, Nomura 
& Shirai ’13]. 

Examples include “split supersymmetry” models, where 
gauginos are close to electroweak scale to help with 
gauge coupling unification, scalars can be much heavier 
[Guidice & Romanino ’04, Wells ’05, Arkani-Hamed & 
Dimopoulos ’05]. 

If DM is multi-TeV, difficult to detect at colliders - but high-
energy gamma-ray experiments can search for 
annihilations of 1-100 TeV DM [e.g. Cohen, Lisanti, Pierce 
& TRS ’13]. 

When DM mass >> weak scale, electroweak gauge boson 
exchanges behave like a long-range force.

Credit: HESS website



A case study: wino dark matter
Fermionic dark matter in adjoint 
representation of SU(2)L. Acts as 
an illustrative model for heavy 
WIMP DM.

In pure-wino limit, after electroweak symmetry 
breaking, consists of Majorana neutralino χ0 and 
slightly heavier Dirac chargino χ+χ-. 

Yields the correct thermal relic abundance with 
mass ~3 TeV. 

Challenging to detect in either direct detection 
(scattering is loop suppressed as no direct 
coupling to Z or h), or at colliders (due to high 
mass scale).

δM = 165 MeV
χ+,χ-

χ0

Spectrum/interactions  
after symmetry breaking:

χ+

χ-
γ, Z

χ0

χ-

W-

(negative) 
charge flow



V (r)

The wino potential
evolution equation for 
two-particle state

evolution preserves total charge; need 
only consider Q=0 two-body states

potential V(r) for initial-state winos couples χ0χ0 and χ+χ- states through 
W exchange; χ+χ- state experiences Z and photon exchange
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Beyond “dark positronium”
Generic non-Abelian dark sectors will have 
multiple gauge bosons and several states in 
the multiplet containing DM. 

Multiple nearly-degenerate DM-like states 
may be coupled by the long-range potential. 

Bound states may form through radiation of 
light gauge bosons, even if heavier gauge 
bosons control the potential (and hence 
properties of bound states). 

Pure gauge interactions can give rise to 
novel contributions to capture rate. 

Again the supersymmetric pure wino / SU(2) 
triplet is an illustrative toy model.
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A spin-statistics subtlety
Initial state = 2 identical Majorana fermions ⇒ must have an antisymmetric two-
body wavefunction 

If total orbital angular momentum L=even, then spatial wavefunction is 
symmetric ⇒ spin wavefunction must be antisymmetric, i.e. S=0 (singlet). 

If total orbital angular momentum L=odd, then spatial wavefunction is 
antisymmetric ⇒ spin wavefunction must be symmetric, i.e. S=1 (triplet). 

Thus the wavefunction can only have a non-zero χ
0
χ

0
 component when L+S=even. 

But dipole photon radiation gives ΔL = ±1, ΔS = 0. So if the initial DM-DM state has 
L+S=even, the bound state will have L+S=odd.

Note: if we considered radiation of W bosons, we would also need to consider 
formation of bound states with net charge. Radiation of on-shell W’s is kinematically 
forbidden for DM masses up to ~300 TeV.



The wino-onium potential 
(for general L+S)

Consequently, when working in this basis (χ0χ0 and χ+χ- states) the long-range 
potential is explicitly dependent on L+S [Cirelli, Strumia & Tamburini ’07; 
Beneke, Hellmann & Ruiz-Femenia ’15]. As previously, for even L+S: 

With odd L+S, no χ0χ0 states are allowed, so off-diagonal terms in potential 
vanish: 

Thus there are two distinct “towers” of bound states, supported by two different 
potentials, for L+S even and L+S odd. 

This will be a generic effect in dark sectors where the DM is self-conjugate, or 
the DM-DM two-body state couples through the potential to two-body states of 
identical particles.



A recipe for bound-state 
calculations

What is the bound state spectrum? 

How does bound-state formation proceed? 

What is the bound-state formation rate? 

How do the bound states decay or annihilate?
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A recipe for bound-state 
calculations

What is the bound state spectrum? 

How does bound-state formation proceed? 

What is the bound-state formation rate? 

How do the bound states decay or annihilate?

solve Schrödinger equation

get capture operators from Feynman diagrams

solve Schrödinger equation for initial state 
apply perturbation theory

bound-bound transitions: apply perturbation theory
annihilation: short-range matrix elements + bound-state wavefunction



Capture operators

Emission of a photon off one of the fermion lines is 
described (in Coulomb gauge) by standard operator: 

Emission of a photon from a potential line:
projects out χ0χ0 component 
of wavefunction

projects out χ0χ0 component in final/initial 
state, χ+χ- component in initial/final state

QCD analogue studied by Beneke 1999; 
Manohar & Stewart, 2000-2001.



The bound-state formation rate
Now that we have Vrad., for transitions due to radiation of a single dipole 
photon, first-order perturbation theory gives the S-matrix element: 

The corresponding cross section, for capture into a bound state or 
transitions between bound states (L+S-even to L+S-odd), is:

polarization 
vector for the 

emitted photon
charged component of 

final-state 
wavefunction

charged component of 
initial-state 

wavefunction

neutral component of 
initial-state 

wavefunction

k = momentum 
of the emitted 

photon



Annihilation rates
Use bound state wavefunction to reweight matrix elements for free-
particle annihilation (same formalism as for Sommerfeld enhancement):

For the wino, we have explicit forms for the annihilation 
matrices [adapted from Hellmann & Ruiz-Femenia ’13] for 
spin-singlet and spin-triplet s- and p-wave bound states.
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Unbroken SU(2): “non-
Abelian positronium”

To gain intuition, study general case where all force carriers are 
massless, all 2-body DM-like states have the same mass (i.e. there 
is an unbroken gauge symmetry). 

Wino will approach this limit as DM mass becomes very large. 

Then potential (for fixed L+S) given by 

Schrödinger equation factorizes: general solution given by

V (r) = �↵D

r
V̄

r-independent matrix

 (r) =
X

i

Ai⌘i� (�i↵D; r)

E�i(↵; r) = � 1
2µ
r2�i(↵; r)� ↵

r
�i(↵; r)

constant 
coefficients

eigenvectors of 

eigenvalues of 

solution to scalar Schrödinger equation  
w/ Coulomb potential with coupling λiα  

V̄

V̄



Bound states for unbroken 
SU(2)

Wino with even L+S:

V̄ =
✓

0
p

2p
2 1

◆

Wino with odd L+S:

Bound states corresponding to i’th eigenvalue thus have 
energies   

Only attractive Coulomb potentials / positive eigenvalues 
support bound states.
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A double tower of bound states

spin-singlet

spin-triplet



General capture rates in 
high-mass limit

We can analytically evaluate capture rates to low-lying bound states, in the high-mass/unbroken-
symmetry limit (i.e. all wavefunctions are Coulombic), and at low velocities: 

For the wino, in addition to the eigenvalues/eigenvectors discussed earlier we have the capture 
matrices: 

For the bound-state formation rate we obtain, for capture to the (nlm) bound state:

describes asymptotic initial state, (1 0) in wino case 

k=photon momentum 
p=initial DM momentum (in COM) 

i indexes initial-state eigenvectors/values 
f indexes final-state eigenvectors/values

constants dependent on nlm,�i, �f



Key lessons
Bound-state formation rate significantly suppressed relative to (rescaled) 
positronium case - due in large part to numerical factor e-8n (vs e-4n for 
positronium). 

In general, this factor is  

Depends sensitively on ratio of attractive eigenvalues of even- to odd-L+S 
potentials, i.e. on representation of DM. 

For example, this ratio is 1 for U(1) or SU(2) doublet, 2 for SU(2) triplet case 
considered here, 6/5 and 3/5 for SU(2) quintuplet - triplet case is most strongly 
suppressed of simple representations. 

As for positronium, capture rate is higher to low-lying states (small n). 

New selection rules: unsuppressed capture to an even-L state requires an odd-L 
initial state, which in turn must be spin-triplet (for even L+S overall). Capture to 
an odd-L state likewise requires the initial state to be spin-singlet.

e�4n�i/�f



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



States to which unsuppressed 
single-photon radiative 
capture can occur

[See Braaten, Johnson & Zhang ’17 for capture into 
ground state via 2-photon emission]



Numerical results for the wino
Bound state 
formation 
almost always 
highly 
subdominant to 
annihilation, 
unlike 
positronium. 

Resonances 
reflect onset of 
zero-energy 
bound states.

Sommerfeld-enhanced inclusive annihilation rate 
Sommerfeld-enhanced rate for line photon production 

Formation rate of 1S spin-triplet state 
s-wave and d-wave contributions to formation of 2P spin-singlet bound states

Dotted lines = result from high-mass limit multiplied by factor of 3 
(reason for factor of 3 is subtle; ask me if interested)



Novel velocity dependences
Relative rate of capture to different states depends on velocity 

From simple Yukawa-potential model, we estimate that if                        , 
higher partial waves (in initial-state wavefunction) are suppressed by a 
factor of O �

(M�vrel/mW )2L
�

vrel . mW /M�

Formation rate of spin-triplet nlm=100 state (L=1 initial state)

vrel = 10-2 

vrel = 10-3 

vrel = 10-4

As expected, we observe 
low-velocity enhancement 
at high masses, low-
velocity suppression at low 
masses. 

Additional factor-of-3 
enhancement, relative to 
expectations in high-mass 
limit, at low velocities where 
vrel . 2�/mW



The bound states’ fate
Suppression of capture to more weakly-bound states means that most bound states are 
formed in the spin-triplet 1S state, decay only via annihilation. 

For the spin-triplet 1S state, dominant annihilation channel is to quarks, with subdominant 
branching ratios to leptons, gauge bosons, Higgses. NO line photon emission (due to 
Landau-Yang theorem). 

For excited states with L>0 where lower-lying states are accessible via dipole photon 
transition, those transitions dominate over annihilation, e.g. 2P spin-singlet states can 
decay to 3D, 3S, 2S, 1S, by single-photon emission.



Emission/absorption lines?
In principle, presence of bound states implies emission lines: 

from initial recombination to form bound state 

from decay of dark-onium excited states to ground state 

Absorption lines also possible if the bound state is stable (in 
particular, constituents cannot annihilate against each other) - 
suppressed for wino, as bound state is short-lived and thus should be 
rare in halo. 

Could probe gauge structure of DM / dark sector. 

Much lower energy than annihilation signal (suppressed by ~αW
2 

factor), could act as supplemental probe - e.g. CTA sees TeV-scale 
annihilation signal, Fermi sees correlated GeV-scale emission lines.



Emission lines for SU(2)L 
dark matter

For the wino, unfortunately, the rate for such transitions is too low to be detectable 
with space-based telescopes (roughly 10-3 photons/m2/yr from the Galactic halo, for a 
10 TeV wino).  

However, for thermal SU(2)L quintuplet DM, there would be a gamma-ray line at 70 
GeV roughly 1 order of magnitude below Fermi’s current sensitivity [Mitridate et al ’17].



Dark-onium at colliders
Unstable dark-onium can be 
probed w/ resonance searches 
[e.g. Han et al ’08, Shepherd et al 
’09, Kats & Schwarz ’10, Tsai et 
al ‘16] 

Initial/final-state radiation can 
allow bound-state production 
even if beam energy ≠ resonance 
energy [e.g An et al ’16].  

Resonance searches can be 
most sensitive probe if couplings 
are appreciable.



Conclusions
Bound state formation can be important for general dark sectors; the 
rate of bound state formation is exponentially sensitive to the DM 
representation and gauge group. 

In general the DM in non-Abelian dark sectors will possess multiple 
hydrogen-like towers of bound states with different energy levels. 

We have developed analytic expressions for the rates for formation, 
transitions and annihilation of the bound states, valid at high DM 
masses, for general dark sectors.  

In the example case of the wino, a small numerical prefactor renders 
the bound state formation rate small (<5%) at almost all masses 
relative to direct annihilation; selection rules prevent bound state 
formation by dipole single-photon emission for masses below ~6 TeV.



BONUS SLIDES



Adiabatic enhancement

In general, eigenstates of potential depend on r; 
small-r eigenstates (symmetry restored) do not 
match mass eigenstates at large r. 

In high-mass limit, large-r (degenerate) mass 
eigenstates = small-r gauge eigenstates.  

Require that initial state vector at large r = DM-DM 
state after symmetry breaking; gives 1/3 overlap 
between initial state and attracted eigenstate. 

But away from high-mass limit, IF transition is 
adiabatic, particles initially in lower-mass (DM-DM) 
state remain 100% in lower-energy (attracted) 
eigenstate. Lifts 1/3 suppression.

adiabaticnon-adiabatichigh-mass case
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Annihilation channels
L+S even L+S odd

L=0,S=0

L=1,S=1

L=0,S=1

L=1,S=0
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χ-

χ-
γ,Z

γ,Z

χ0

χ0
χ-

W+

W-

χ+

χ-

χ0
W+

W-

χ+

χ-

χ0
W+

W- γ,Z
SM

χ+

χ-



Emission from the potential
Effective Lagrangian upon integrating out the potential exchange:

Fourier-transformed Lagrangian, to read off position-space operator:

Resulting perturbative contribution to the potential:

QCD analogue studied by Beneke 1999; Manohar & Stewart, 2000-2001.



Comparison to constraints

Note: here we assume the wino 
constitutes all the DM. Except at ~3 TeV, 
this requires a non-thermal history 
(thermal wino could be a sub-dominant 
component below 3 TeV, would overclose 
the universe at higher masses).

We assume an NFW 
profile - constraints are 
comparable for an Einasto 
profile, grow significantly 
weaker for cored profiles. 

Typical cross sections for 
line around ~10-27-10-26 
cm3/s - currently being 
probed by HESS for DM 
masses ~4 TeV and lower, 
will be probed by CTA 
below 10 TeV.



Current limits
HESS published a study of the 
Galactic Center in 2013, based 
on 112h of data taken 
2004-2008. 

Region: 1 degree radius circle, 
with |b| > 0.3 degrees. 

Probes line cross sections at a 
few x 10-27 cm3/s for ~1-10 TeV 
DM. 

Also presented flux limits on 
hard photon spectra from 
internal bremsstrahlung - 
weaker by a factor of 2-10, due 
to width of spectral features.

HESS Collaboration, PRL 110 
(2013) 041301,arXiv:1301.1173.



v/c~10-6

Velocity dependence
Only matters at 
resonance 
peaks: already 
quite excluded 

Thus we simply 
show results for 
a single velocity, 
rather than 
integrating over 
estimated 
distribution
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