
Implications of Dark Matter bound states

Andrea Mitridate

Planck conference, Warsaw 22-27 May 2017

AM, M. Redi, J. Smirnov, A. Strumia [1702.01141]  



⌦DMh2 = 0.119



The standard (thermal) picture 
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Imposing ⌦DMh2 = 0.119 we get the DM mass or at least
bounds on its value.
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We only considered single boson emission )

What is the cross section for the production of a 
bound state?

DMi(P1) + DMj(P2) ! Bnlm
i0j0 +Va(K)

Ap,nlm ⇡ h n`m,i0j0Va|HI |�pl,iji

A couple of remarks:

The process is kinematically possible only if 

�` = ±1 & �S = 0

P 2/M� + EB � MV

Conceptually it is the same problem of computing the cross section for the 
formation of a non relativistic hydrogen atom
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In general BS cross sections have to be computed 
numerically, however for                 we can get an 

analytic expression, e.g.
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What is the fate of a bound state once it is formed?

Decay 
Decays happen mostly in 

the             states       ` = 0

Spin 0

Spin 1

Break
The breaking rate is related 

to the formation cross 
section by the Milne relation
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Decay 
Decays happen mostly in 

the             states       ` = 0

Spin 0

Spin 1

Break
The breaking rate is related 

to the formation cross 
section by the Milne relation
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Bound state formation is important when                                   �d � �b

In the non rel. limit this 
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How bound states enter in the Boltzmann equations?

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 
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To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 

I

BSI +Va $ DM+DM

dYI

dz
=

1

Hz

"
sh�Ivreli

✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆
+ h�I,di (Y eq

I � YI) +
X

J

h�I!J i
✓
YI �

YJ

Y eq
J

Y eq
I

◆#

dYDM

dz
= � s

Hz

"
h�vreli

⇣
Y 2
DM � Y eq2

DM

⌘
+

X

I

h�Ivreli
✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆#



How bound states enter in the Boltzmann equations?

To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 

I

BSI $ Va +Vb

dYI

dz
=

1

Hz

"
sh�Ivreli

✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆
+ h�I,di (Y eq

I � YI) +
X

J

h�I!J i
✓
YI �

YJ

Y eq
J

Y eq
I

◆#

dYDM

dz
= � s

Hz

"
h�vreli

⇣
Y 2
DM � Y eq2

DM

⌘
+

X

I

h�Ivreli
✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆#



How bound states enter in the Boltzmann equations?

To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 

I

BSI $ BSJ +Va

dYI

dz
=

1

Hz

"
sh�Ivreli

✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆
+ h�I,di (Y eq

I � YI) +
X

J

h�I!J i
✓
YI �

YJ

Y eq
J

Y eq
I

◆#

dYDM

dz
= � s

Hz

"
h�vreli

⇣
Y 2
DM � Y eq2

DM

⌘
+

X

I

h�Ivreli
✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆#



How bound states enter in the Boltzmann equations?

To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

This looks like a nightmare!

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 

I

dYI

dz
=

1

Hz

"
sh�Ivreli

✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆
+ h�I,di (Y eq

I � YI) +
X

J

h�I!J i
✓
YI �

YJ

Y eq
J

Y eq
I

◆#

dYDM

dz
= � s

Hz

"
h�vreli

⇣
Y 2
DM � Y eq2

DM

⌘
+

X

I

h�Ivreli
✓
Y 2
DM � Y eq2

DM

YI

Y eq
I

◆#



How bound states enter in the Boltzmann equations?

To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

This looks like a nightmare…but!
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To the Boltzmann eq. for the DM we should add one Boltzmann eq. for 
each bound state 

This looks a nightmare!

Each bound states is identified by an index    which collectively denotes all 
its quantum numbers. 
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More  results: neutralino co-annihilating with…

Squark
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Outlook

Bound State formation is an additional non- perturbative effect 

which affects the DM annihilation cross section 

In models with massless or light (                    ) mediators  it can be 

the dominant effect setting the relic density 

Today bound states formation can lead to observable indirect 

detection signals and give precision information about dark 

matter?

↵M� > MV

? ?
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For the quintuplet there is hope 

More precise studies are needed … stay tuned!              



Thanks for your attention!
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Table 1: Group theory factors for formation of a bound state made of two SU(2)L 3plets (left) or
quintuplet (right) with total isospin IJ 0 from an initial state with total isospin IJ and viceversa.
The upper sign refers to IJ ! IJ 0, the lower sign to IJ 0 ! IJ .

where A = ↵em/r + ↵2c2We�MZr/r, B = ↵2e�MW r/r and �M is the mass splitting produced
by electroweak symmetry breaking, equal to �M = 165MeV at T = 0 (we use the two-loop
result [26, 27]). The charged states with S = 0 have [3, 4]

V S=0
Q=1 = �M + B, V S=0

Q=2 = 2�M + A. (81)

Finally, for the states with S = 1 one has

V S=1
Q=0 = 2�M � A, V S=1

Q=1 = �M � B. (82)

where V S=1
Q=1 di↵ers by a sign from the earlier literature. These potentials allow to compute the

Sommerfeld correction, which a↵ects the thermal relic abundance [3,4] because of the existence
of a loosely bound state in the sector with Q = S = 0 and ` = 0. The cosmological DM
abundance is reproduced for M� ⇡ 2.7TeV, such that the freeze-out temperature M�/25 is
below the temperature at which SU(2)L gets broken, and the SU(2)L-invariant approximation
is not accurate.

Nevertheless it is interesting to discuss the SU(2)L-invariant limit, which clarifies the con-
troversial sign in eq. (82). Ignoring SU(2)L breaking, the DM-DM states formed by two triplets
of SU(2)L decompose in the following isospin channels

3⌦ 3 = 1S � 3A � 5S , (83)

The two DM fermions can make a state with spin S = 0 or 1. The total wave function must
be anti-symmetric under exchange of the two identical DM fermions: taking into account the
spin parity (�1)S, the space parity (�1)` and the isospin parity (�1)Ĩ where I = 2Ĩ + 1 is
the dimension of the representation, only states with (�1)`+S+Ĩ = 1 are allowed. Namely, the
allowed states are

I V i.e. � allowed `
1 �2↵2/r +2 even if S = 0, odd if S = 1
3 �↵2/r +1 even if S = 1, odd if S = 0
5 +↵2/r �1 even if S = 0, odd if S = 1

(84)
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Fermion quintuplet

Many bound states, SU(2)L-approx reasonable: 5⌦5 = 1S �3A�5S �7A�9S.

�annvrel =
207

20

⇡↵2
2

M2
�

16
69

S6 +
25

69
S5 +

28

69
S3

�

Again some sign was wrong. Quintonium bound states:

Name I S n ` � �ann/M� �dec/M� Produced from
1s1 1 0 1 0 6 3240 ↵5

2 0 p3
1s3 3 1 1 0 5 15625 ↵5

2/48 0 p1, p5
1s5 5 0 1 0 3 567↵5

2/4 0 p3, p7
2s1 1 0 2 0 6 405 ↵5

2 O(↵4
2↵

2
em) p3

2s3 3 1 2 0 5 15625↵5
2/384 O(↵4

2↵
2
em) p1, p5

2s5 5 0 2 0 3 567↵5
2/32 O(↵4

2↵
2
em) p3, p7

2p1 1 1 2 1 6 O(↵7
2) ⇡ 2↵4

2↵em s3
2p3 3 0 2 1 5 O(↵7

2) ⇡ 1↵4
2↵em s1, s5

2p5 5 1 2 1 3 O(↵7
2) ⇡ 0.2↵4

2↵em s3, s7

5-plet

Gluino co-annihilating with squark

8⌦ 8 = 1S � 8A � 8S � 10A � 10A � 27S
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Name R S n ` � �ann/M� �dec/M� Produced from
1s1 1S 0 1 0 3 243↵5

3/4 0 p8A
1s8A 8A 1 1 0 3/2 243↵5

3/64 0 p1, p8S, p27S
1s8S 8S 0 1 0 3/2 243↵5

3/128 0 p8A, p10A
2s1 1S 0 2 0 3 243↵5

3/32 O(↵6
3) p8A

2s8A 8A 1 2 0 3/2 243↵5
3/512 O(↵6

3) p1, p8S, p27S
2s8S 8S 0 2 0 3/2 243↵5

3/1024 O(↵6
3) p8A, p10A

2p1 1S 1 2 1 3 O(↵7
3) ⇡ ↵6

3 s8A
2p8A 8A 0 2 1 3/2 O(↵7

3) ⇡ 0.1↵5
3 s1, s8S, s27S

2p8S 8S 1 2 1 3/2 O(↵7
3) ⇡ 0.1↵5

3 s8A, s10A

Gluino

Bound states summary


