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Dark Matter
What we know about Dark Matter (DM)
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! Interact at least via gravity ; non luminous/non baryonic.

! Cosmic abundance is precisely  measured.

Most properties are unknownÉ
! Candidates vary from 10-31 GeV  to 1046GeV  in its mass scale.

! Lifetime longer than the current age of our Universe.
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! Thermal Freeze-out  determines its abundance.

SM DM

Weakly Interacting Massive Particle (WIMP)

Z2 odd
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! Thermal Freeze-out  determines its abundance.
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! Thermal Freeze-out  determines its abundance.

# Mechanism is automatic and insensitive  to the initial condition.

# O(1) GeV — O(100) TeV mass scale is indicated.

๏ But need ambient plasma whose Temperature ≫ M DM .
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Constrained by Indirect Detection
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DMSM

Z2 odd

R. Leane + 1805.10305 

* Adopted least constraining channels except neutrinos.
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DMSM

Z2 odd

M. Schumann 1903.03026 
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DMSM

Z2 odd

This Talk

M. Schumann 1903.03026 
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Coannihilation
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Annihilation  enhanced by long-range  forces
! Coannihilation  w/ particles interacting via long-range forces.
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Sommerfeld enhancement Bound State decay
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Wino, Minimal DM,…
Coannihilation w/ colored particles,…
Hidden Charged Dark sector,…

J. Hisano+ ‘07 , …

T. Tait ‘09+, K. Petraki ‘14+, …
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Annihilation  enhanced by long-range  forces
! Attractive force  promotes annihilations.
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Annihilation  enhanced by long-range  forces
! Attractive force  promotes annihilations.
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Annihilation  enhanced by long-range  forces
! Bound states  may exist in the spectrum. (c.f., positronium)

! Gives additional channels of DM annihilations.

DMÕ

DMÕ

…

BS resonance

K. Petraki ‘14+, …
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Annihilation  enhanced by long-range  forces
! Bound states  may exist in the spectrum. (c.f., positronium)

! Gives additional channels of DM annihilations.

DMÕ

DMÕ
BS resonance

BS

K. Petraki ‘14+, …
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Annihilation  enhanced by long-range  forces
! Bound states  may exist in the spectrum. (c.f., positronium)

! Gives additional channels of DM annihilations.

+
BS formation BS decay
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Annihilation  enhanced by long-range  forces
! Bound states  may exist in the spectrum. (c.f., positronium)

! Gives additional channels of DM annihilations.
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Effective  annihilation
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muni > 139 TeV

auni > 0.54

102 103 10 4 105

10-2

10-1

1

m @GeVD

a

Figure 3. The dark fine-structure constant which reproduces the observed DM abundance from the thermal
freeze-out of Dirac fermions vs. the DM mass. The solid blue line incorporates the e! ect of BSF and the SE
of the direct DM annihilation into two dark photons. The dashed blue line neglects BSF, while the dotted
blue line neglects both BSF and the SE of the 2-to-2 annihilation. The vertical and the horizontal solid red
lines mark respectively the unitarity bound on the mass of thermal-relic DM and the value of ↵ at which this
is reached (evaluated assuming BSF into the ground state only).
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Long-Range Force

 18

Annihilation  enhanced by long-range  forces
! Coannihilation  w/ particles interacting via long-range forces.

! Sommerfeld effect  + Bound state  accelerate annihilations.

Mass 
[GeV]

!

Tree
Sommerfeld
Sommerfeld + BS

DM

DM

…
B.Harling, K.Petraki 1407.7874 

DM

DM
BS

BS

+
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Q . SM gauge interactions  as long-range force?
! Abundant  SM particles which are charged under them.

! Do they change the picture via “in-medium effects ”?

# Screening  of force carriers.

# Frequent scatterings  between coannihilating particles and SM species.

# Separation between scattering and bound states becomes unclear.

DMÕ

DMÕ

…

…

…

SM

?

In-medium Effects

DM

DM
BS?
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution and regime of validity

In-medium Effects
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution and regime of validity

In-medium Effects
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution and regime of validity

In-medium Effects
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution and regime of validity

In-medium Effects
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Collinear-safe BSF rate at Þnite T
! Leading  order (same as vacuum)

Rapid BSF via Scatterings

! Next-Leading  order
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Collinear-safe BSF rate at Þnite T
! Leading  order (same as vacuum)
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Collinear-safe BSF rate at Þnite T
! Leading  order (same as vacuum)

Rapid BSF via Scatterings

! Next-Leading  order
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Implication of enhanced BSF

Rapid BSF via Scatterings

! (Quasi- )Ionization equilibrium
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Implication of enhanced BSF

Rapid BSF via Scatterings

! (Quasi- )Ionization equilibrium
# Milne  relation: ! ion =
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! ! BSFv"
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Implication of enhanced BSF

Rapid BSF via Scatterings

! (Quasi- )Ionization equilibrium
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BSF@NLO
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Indistinguishable scattering & bound states

Melting of Bound State

# Scattering & Bound states are mixed @

➡ “Standard” Boltzmann eq. fails.

|EB |ø °
ion

<latexit sha1_base64="+HvJ+7lOhkxDXbar7Rar86LZQr4="></latexit>

# Master eq. for total  DM number density (n)
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i
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(2º)3 e°ØP2/(4M)
Z

dE
(2º)

e°ØE GΩ
4 (E)

<latexit sha1_base64="cYWa2BFynxCFSqccUAEOtLDqIP4="></latexit>

! Equation for TOTAL  DM number density @ ionization equil.
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BSF@NLO
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Indistinguishable scattering & bound states

Melting of Bound State

# Scattering & Bound states are mixed @

➡ “Standard” Boltzmann eq. fails.

|EB |ø °
ion
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# Master eq. for total  DM number density (n)
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Schroedinger equation 
w/ thermally corrected potential

Veff =°ÆmD ° Æ
r

e°mD r ° iÆT¡(mD r )
<latexit sha1_base64="WMHsEE3Q5V4eBgAFLuPdWfodHfM="></latexit>

Spectral function for DM two-body state

! Equation for TOTAL  DM number density @ ionization equil.



Kyohei Mukaida

Melting 
of BS

Ionization equil.Ω <latexit sha1_base64="oLkQ0Iv+FDjAnSBimaUzEZkitgA="></latexit>
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Indistinguishable scattering & bound states

Melting of Bound State

# Scattering & Bound states are mixed @

➡ “Standard” Boltzmann eq. fails.

|EB |ø °
ion
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Spectral function for DM two-body state
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Coulomb, M=5TeV , αχ=0.1, T=M/30

! Equation for TOTAL  DM number density @ ionization equil.
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Indistinguishable scattering & bound states

Melting of Bound State

! Equation for TOTAL  DM number density @ ionization equil.
# Scattering & Bound states are mixed @

➡ “Standard” Boltzmann eq. fails.

|EB |ø °
ion
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Coulomb, M=5TeV , αχ=0.1, T=M/30

! Recover previous result @ narrow width , i.e., |EB| ! ! ion
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution

Summary

mDM

T
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Rapid  BSF via 
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Melting of BS

Ionization equil.
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Coulomb, M=5TeV , αχ=0.1, T=M/30

# Rapid BSF  via scattering w/ thermal particles 
@ T > |EB|.

# Effective annihilation cross-section is 
maximized  till the end of ionization equil .

# Scattering & Bound states are mixed .

# Standard Boltzmann eq. fails. (cf. resonant leptogenesis)

# Collinear-safe rate can be obtained in thermal 
field theory.

# We derive master eq. for total  DM #-density.

1910.11288, 1911.xxxx

- Valid under ionization/kinetic equil.
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Caveat: preliminary & depend on models
! Massless  mediator couples to one particle in thermal bath.

DM Abundance (?)

SE! mBSF

SE! bBSF

SE! mBSF! bBSF
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# We expect minimal effect from rapid BSF.

Preliminary!

Preliminary!
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Q . SM gauge interactions  as long-range force?
! Sketch of time-evolution

Summary

mDM

T
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Coulomb, M=5TeV , αχ=0.1, T=M/30

# Rapid BSF  via scattering w/ thermal particles 
@ T > |EB|.

# Effective annihilation cross-section is 
maximized  till the end of ionization equil .

# Scattering & Bound states are mixed .

# Standard Boltzmann eq. fails. (cf. resonant leptogenesis)

# Collinear-safe rate can be obtained in thermal 
field theory.

# We derive master eq. for total  DM #-density.

1910.11288, 1911.xxxx

- Valid under ionization/kinetic equil.
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More Plots
Massive  Vector Mediator

 39
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! Exact  definition of the effective potential
∑r2

r

M
+E + i≤°Veff(r)

∏
Gret
¥ª

°
r,r0;E

¢
= i N±3 °

r° r0
¢

<latexit sha1_base64="6d7adG8PgSD6c5CZi1kYt5FkRFE="></latexit>

where Veff(r) ¥°i g 2
¬

Z
d3q

(2º)3

≥
1°ei q·r

¥
D++(0,q)

<latexit sha1_base64="qP2j1gc/+X504vXQAyzm2LgIM08="></latexit>

Full  
Propagator

! Veff behaves differently for a given r .

=<latexit sha1_base64="EUM2dV1/d6sxdU5zW2IqPSYMAos="></latexit> +<latexit sha1_base64="rzvlwhzJ/6t294w7kzhojBn0WNc="></latexit>

√
<latexit sha1_base64="3Tg9XhlDBOguFlPA4++xda8GgKg="></latexit>

A
<latexit sha1_base64="4oG798voPDuf9LtJqWAKjHd/Z8A="></latexit>

(0,q)
<latexit sha1_base64="ScTW9sC6XRenfR29Mxt8fKTsD/E="></latexit>

# For r > 1/T, HTL  approximation works. Veff = !
! "

r
e! mD r +ááá

<latexit sha1_base64="WpWExKR832VJV4Mgme45wIrAxiE="></latexit>

# For r < 1/T, finite T corrections are suppressed. Veff =°
Æ¬

r
+·· ·

<latexit sha1_base64="J5VwEI8bbOMJWZTBB3Q5OsfD5eU="></latexit>

➡ Practically, one may just take the former (Yukawa  type) because it 
smoothly connects both regimes.
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DMSM

Z2 odd

R. Leane+ 1805.10305 
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Our Approach
! Rewrite DM # density eq. in Schwinger-Keldysh formalism.

# In-medium corrections (screening, scatterings,…) are self-consistently  included.

# Can go beyond the Linear Response .

➡ Derive “Boltzmann-like equation ”.

๏ Limited to “ionization equilibrium ” between scattering and bound states.

! Inclusion of screening  mass by hand.

! Self-consistently treat in-medium effects (screening , scatterings ,…),    
but limited to the Linear Response :

! Assume DM # violation is the slowest process.

D. Bodeker, M. Laine ’12; …

M. Cirelli+ 0706.4071 ;  A. Mitridatea+ 1702.01141; …

T. Binder, L. Covi, KM  1808.06472

±n = n °neq
<latexit sha1_base64="JJsS6fFlIQx/O3dElu+7/jM+PII="></latexit>
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" Setup : DM(Õ) + Force carrier  + Bath particles

" Non-relativistic EFT on CTP contour.

L æ g¬¬∞
µ¬Aµ+ g√√∞

µ√Aµ
<latexit sha1_base64="lqmKQ+XpzwsG2KBp7IDTvo76ygA="></latexit>

Trace-out

Scattering Annihilation

where J = ¥†¥+ª†ª, O = ª†¥, ¥ : particle, ª : anti-particle
<latexit sha1_base64="MasomWeIwQBSTMYWpDK2i2aSGG4="></latexit>

SNR[! ," ]=
!

x! C

!   (x)
"
i #t +

" 2

2M

#
! (x) + "   (x)

"
i #t #

" 2

2M

#
" (x) +

!

x,y! C

i
g2

$

2
J(x)D(x, y)J(y) + iO   (x)°(x, y)O(y)

+ááá
<latexit sha1_base64="ouY0AI+6qAfHg26xcDEWf5pTylk="></latexit>

Treat it as a 
perturbation

# Thermally dressed  propagator for gauge field (A).

D(x, y) ' D

eq(x, y) =
<latexit sha1_base64="OvJdbGXoeBGwmNl8fxPABbOdklE="></latexit>

=<latexit sha1_base64="EUM2dV1/d6sxdU5zW2IqPSYMAos="></latexit> +<latexit sha1_base64="rzvlwhzJ/6t294w7kzhojBn0WNc="></latexit>

√
<latexit sha1_base64="3Tg9XhlDBOguFlPA4++xda8GgKg="></latexit>

A
<latexit sha1_base64="4oG798voPDuf9LtJqWAKjHd/Z8A="></latexit>

A
<latexit sha1_base64="4oG798voPDuf9LtJqWAKjHd/Z8A="></latexit>

{ <latexit sha1_base64="kFDNfghDhRbBnP9sUasnnM1DNWk="></latexit>

#-conservation

{ <latexit sha1_base64="1tfzRqWDNLjiuOX6G6qVQV9IlX8="></latexit>

#-violation

T. Binder, L. Covi, KM  1808.06472
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! Assume DM # violation is the slowest  process.

➡ One may evaluate 4 pt. func. by Grand canonical  ensemble.

! Spectral function ,      , & Schroedinger equation

! Exact  equation for DM # density

ṅ¥+3Hn¥ =°2(æ0v)
h
G++°°
¥ª,s °G++°°

¥ª,s

ØØ
eq

i

<latexit sha1_base64="AreLe0xU8M1ISNhzH5gKdwrsRd8="></latexit>

w/

ö! ! e" "
!

öH0" µ öN#" µN$
"

<latexit sha1_base64="yPII/eT63pJpQDPin206BlY2SlQ="></latexit>

G++ !!
!" = e! 2#(M ! µ)

!
d3P

(2$)3 e! #P2/(4 M )
!

dE

(2$)
e! #EG%

!" (E)
<latexit sha1_base64="Jt4hrVlfU+xyiWmdFjT4bPanESc="></latexit>

Spectral  function

G!
"#

<latexit sha1_base64="SwBSOoe6v1CDbk7LZNj3AjkNPMw="></latexit>

=<latexit sha1_base64="nTMwbb1II/pl5XhYHagYAUBL68o="></latexit> +<latexit sha1_base64="BM1jr37mLe9JTeMmjgtpOfqZpRY="></latexit> +<latexit sha1_base64="BM1jr37mLe9JTeMmjgtpOfqZpRY="></latexit> +<latexit sha1_base64="BM1jr37mLe9JTeMmjgtpOfqZpRY="></latexit> +<latexit sha1_base64="BM1jr37mLe9JTeMmjgtpOfqZpRY="></latexit>

h

<latexit sha1_base64="n1dqdIhWZFcsAOkc30YgIxr0n1Q="></latexit>

h

<latexit sha1_base64="n1dqdIhWZFcsAOkc30YgIxr0n1Q="></latexit>

Schroedinger equation w/

Veff = ! ! " mD !
! "

r
e! mD r ! i ! " T # (mD r )

<latexit sha1_base64="49ieUj2OQzrPOCyTIL7/nTGddX0="></latexit>

G++°°
¥ª = hª¥†¥ª†i, n¥ = h¥†¥i, nª = hªª†i

<latexit sha1_base64="Uoc0pTFRuHz1kLRR78RFrwsv8nU="></latexit>

T. Binder, L. Covi, KM  1808.06472

Coincide w/ M. Laine+ ’07, …

{ <latexit sha1_base64="q/FeIm4a7rB9d+YbuTkWMi3dxUM="></latexit>

Tree  annihilation



Kyohei Mukaida

Consistency Check

 45

Our Master equation

ṅ¥+3Hn¥ =°2(æ0v) G++°°
¥ª

ØØØ
eq

h
e2Øµ[n¥] °1

i

<latexit sha1_base64="jZN3bpARa7lJ8xFh1Ly/SQdc3LQ="></latexit>

Schroedinger equation w/

Veff = ! ! " mD !
! "

r
e! mD r ! i ! " T # (mD r )
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T. Binder, L. Covi, KM  1808.06472
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Our Master equation
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¥ª

ØØØ
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Schroedinger equation w/
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r
e! mD r ! i ! " T # (mD r )
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! Free  DM limit. Lee-Weinberg eq.
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"# (E) = $(E)
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M 3/2 E1/2
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Our Master equation
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! Free  DM limit. Lee-Weinberg eq.

! Long-range force w/o in-medium effects
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Our Master equation
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! Spectral  function w/ in-medium effects
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Coulomb, M=5TeV , αχ=0.1, T=M/30
# Separation btw scattering and bound states 

becomes unclear. (i.e., BS melting )

# Scattering and bound states are automatically 
included, no need to distinguish .

๏ Limited to ionization  equilibrium , which 
is broken @               .! ion < ! B

<latexit sha1_base64="l55T8CTJo7vYgVTnlx2yJUTSPPY="></latexit>

When does this happen? On going w/ Kallia, Julia, Tobias.

T. Binder, L. Covi, KM  1808.06472


