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What we know about Dark Matter (DM)

I Interact at least via gravity ;non luminous/non baryonic.
I Lifetime longer than the current age of our Universe.

I Cosmic abundance is measured.

Qpnvh® = 0.1200(12)

Most properties are unknownEk

I Candidates vary from 10-31 GeV to 1046GeV in its mass scale.
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Weakly Interacting Massive Particle (WIMP)

! determines its abundance.
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Weakly Interacting Massive Particle (WIMP)

! determines its abundance.
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# Mechanism is automatic and insensitive to the initial condition.
# 0O(1) GeV — O(100) TeV mass scale is indicated.

® But need ambient plasma whose Temperature > Mpwm.




Constrained by Indirect Detection
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* Adopted least constraining channels except neutrinos.




Constrained by Direct Detection
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Constrained by Direct Detection
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Annihilation  enhanced by long-range forces

I Coannihilation  w/ particles interacting via long-range forces.

Mass a -

+ DMO Examples :
| M Wino, Minimal DM,...
' Coannihilation w/ colored particles,...
+ DM Hidden Charged Dark sector,...
T AM
Sommerfeld enhancement Bound State decay

J. Hisano+ ‘07, ...

T.Tait ‘09+, K. Petraki ‘14+, ...




Annihilation  enhanced by long-range forces

I Attractive force  promotes annihilations. J.Hisano+07, ...

e.g., For massless vector mediator:
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Annihilation  enhanced by long-range forces
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Annihilation  enhanced by long-range forces

I Bound states may exist in the spectrum. (c.f., positronium)

| Gives additional channels of DM annihilations. K. Petraki‘l4+, ...

BS resonance
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Annihilation  enhanced by long-range forces

I Bound states may exist in the spectrum. (c.f., positronium)

| Gives additional channels of DM annihilations. K. Petraki‘l4+, ...

e.g., For massless vector mediator:

a2 a’ M
OBSFU = SBSF(V)W, I'p, = 5

* Spsp(V <! ) ~3xS(v!)

BS formation
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Annihilation

| Coannihilation

I Sommerfeld effect

enhanced by long-range forces

w/ particles interacting via long-range forces.
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Q. SM gauge Interactions  as long-range force!

I Abundant SM particles which are charged under them.

I 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.

SM == =az ==




Q. SM gauge Interactions  as long-range force!

I Sketch of time-evolution and regime of validity
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Q. SM gauge Interactions  as long-range force!

I Sketch of time-evolution and regime of validity
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Collinear-safe BSF rate at Pnite T

I Leading order (same as vacuum) Single-mediator
’ emission . 2
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scattering : decay




Collinear-safe BSF rate at Pnite T

I Leading order (same as vacuum) Single-mediator
| emission . 2

r 1

Im

bath-particle Off-shell
scattering : 2 decay : 2

' Finite-temperature
t loop




Collinear-safe BSF rate at Pnite T

I Leading order (same as vacuum) esri:‘igiie;“ediator
r . b | | 2
IM |~ b | 77777
L 4
| Next-Leading order ¢ bath-particle Off-shell

i scattering ) decay : 2

f Finite-temperature
t loop

4 Collinear divergent



Implication of enhanced BSF

I (Quasi- )lonization  equilibrium
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Indistinguishable scattering & bound states
I Equation for TOTAL DM number density @ ionization equil.
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# Scattering & Bound states are mixed @ |Eg| < T'ion

= “Standard” Boltzmann eq. fails.
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Indistinguishable scattering & bound states
I Equation for TOTAL DM number density @ ionization equil.
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# Scattering & Bound states are mixed @ |Eg| < I'ion

= “Standard” Boltzmann eq. fails.

# Master eq. for total

n+3Hn=-2(oy v)GZq [ezﬁ“[”] - 1]

Spectral function for DM two-body state
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Indistinguishable scattering & bound states
I Equation for TOTAL DM number density @ ionization equil.
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Indistinguishable scattering & bound states
I Equation for TOTAL DM number density @ ionization equil.

- Coulomb, M=5TeV, @,=0.1, T=M/30 # Scattering & Bound states are mixed @ |Eg| < T'ion

= “Standard” Boltzmann eq. fails.
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Q. SM gauge Interactions

| Sketch of time-evolution

Rapid BSF via
bath-particle
scattering
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as long-range force!

| # Scattering & Bound states are mixed .
' # Standard Boltzmann eq. fails. (cf. resonant leptogenesis)

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

- Valid under ionization/kinetic equil.

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

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

# Collinear-safe rate can be obtained in thermal
field theory.
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Caveat: preliminary & depend on models

I Massless mediator couples to one particle in thermal bath.
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Q. SM gauge Interactions

| Sketch of time-evolution

Rapid BSF via
bath-particle
scattering

‘Inba uoneziuo;

Coulomb, M=5TeV , a,=0.1, T=M/30

— mp/T=0.65
0-30 — mp/T=0.14
0.25¢ \ — mp/T=0.029
NE \
= 0.
=) / — mD/T=0.001
S 0.15
= T
0.10 \ i 7 X/
0.05} > | !l
0.00 J ’
-0.10 -0.08 —-0.06 —-0.04 -0.02 0.00
E/T
@=0.01
10? ‘ ; :
g — BSFeNLO T<IEs|
1000 — BSFeLO
_ — SE
=
S 100F 3
AN
\; /
10 //
17Z
100

1000 104
x=m/T

as long-range force!

| # Scattering & Bound states are mixed .
' # Standard Boltzmann eq. fails. (cf. resonant leptogenesis)

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

- Valid under ionization/kinetic equil.

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

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

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

1910.11288, 1911 .xxxX




Back up



Massive Vector Mediator

Yukawa potential, M=5TeV , a,=0.1 , T=M/30
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What is a reasonable approximation for Vet ?

I Exact definition of the effective potential

VZ
-+ Etie~Vegr®) | Gy (r,x'; E) = iN&® (r~r')

dg

(2m)3

where Vqg(r) = —ig)ch (1 — eiq.r) D++(O, qQ |

I Vet behaves differently for a given r.
(0,9) = 4 A
A e

l (1}
' mpr

# Forr>1/THTL approximation works. Ver=! —e "' +a4

. . a
# Forr < I/T, finite T corrections are suppressed. Ve = _TX e

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



Constrained by Indirect Detection
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Previous Attempts

I Inclusion of screening mass by hand. M.Cirelli+ 07064071 ; A Mitridatea+ 1702.01141;...

I Self-consistently treat in-medium effects (screening , scatterings ,...),

but limited to the Linear Response : sn=n-n®
D. Bodeker, M. Laine ’12; ...

Our A pproac h T. Binder, L. Covi, KM 1808.06472

I Rewrite DM # density eq. in Schwinger-Keldysh formalism.

I Assume DM # violation is the slowest process.

9

= Derive “Boltzmann-like equation

# In-medium corrections (screening, scatterings,...) are self-consistently  included.
# Can go beyond the Linear Response

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



Sketch of Derivation T. Binder, L. Covi, KM 1808.06472

" Setup : DM(O) + +
o Rt ‘.
¥ > gXXY XA,U + gwwf)/ WA,LL ....... — . _ |

. o , Ireat it as a

Non-relativistic ~ EFT on CTP contour. L perturbation

! W W L g2 Anmh”atlon ......... ‘
Snr[! L] = L (X) 1# + i L(X)+" (X) i1#:# S "(X)+ |?$J(X)D(xy)\](y)+|o(x)r(xy)o(y)
x! C x,y! C

where J=n'n+&'¢, 0=¢&n, n: particle, ¢&: anti-particle
#-violation

# Thermally dressed propagator for gauge field (A).

D(x,y) = D*(x,y) = T = + /1A
A A (/i



Sketch of Derivation (COnt(N)d) T. Binder, L. Covi, KM 1808.06472

I Exact equation for DM # density

G;;s__ —G,J;gs__ eq] wl G =&nneh, ny=@'n), ng=@&&H

Tree annihilation

I Assume DM # violation is the slowest process.
= One may evaluate 4 pt. func. by Grand canonical ensemble.

. 3 5
"My 1" N G = M) dP r#p2amy: 9E “EGY (E)

0! e (233 29)

Spectral function G.!.# , & Schroedinger equation

It Y

p— . A, S—— Schroedinger equation w/
- t @t . _ S mpr | :
m | . — s Vet =! 1 »mp! I’_e it - T#(mpr)

Coincide w/ M. Laine+ ’07, ...



Our Master equ ation T. Binder, L. Covi, KM 1808.06472

------------
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Our Master equ ation T. Binder, L. Covi, KM 1808.06472

------------

o +3Hny = ~2(000)i G [ Pulml | e )
1 1 (@0 ) 775 eq Schroedlnger equation w/ :
T | I ]

i d3p 2 dE : — ' ' mpr  : :
w24 | #P2/(4M) o #E ' Vegg=!lvmp! —e il «T#(mpr) ¢

Pr e PR an®  CrEL e r -

------------------------------------------------------

G., ()= $()s, |\/|3’2|51’2 & n =e'¥nf jin +3Hny = —(oo) | nf = ()]

I Free DM limit. ' Lee-Weinberg eq.




Our Master equ ation T. Binder, L. Covi, KM 1808.06472

------------

+3Hn, =-2(ogv G++__ [ 2By (] —1] """""""""""""""""""""""""""""""""" \
"ty 7 o ) 15 leq] Schroedlnger equation w/ :
. o | ! :
pen L aoum d°P | #P2/(4 M) d_E | #E ' Veg=11omp! __g Mol il «T#(mpr)
S (2$)3 2%)° Gy (E)m\__:e_ __________________ roo :
| Free DM limit. Lee-Weinberg eq.
G., ()= $()s, |\/|3’2|51’2 & n =e'¥nf jin +3Hny = —(oo) | nf = ()]

I Long-range force  w/o in-medium effects ; Boltzmann eq.

1 Coulomb potential, M%bTeV, «,%0.1, T%M"30 o — _ [ 2 _ eq 2 ]
(O-OU)G;[;E(E”E>O — Z—MZU(UOU)S(U) 0.2 n17+3Hn17 <UOU> I’ln,s (nn,s)
T ;
0.15 bound states scattering states . _ eq
(O'OV)G;;}(E)|E<O =n) 6(E-Eg,)I3, ;an lan Ng,
n |

_ €qg 2 eq 0.05 eq

& Hy,s = eﬁ'unn,s’ np, =¢€ ,B,uan ng, B I’an
1o 10.05 , ,

E'T (n"?»s) ( Ry, s)



Our Master equ ation T. Binder, L. Covi, KM 1808.06472

------------

+3Hny = ~2(000), G- [ 2pp[m] —1] """"""""""""""""""""""""""""""" ,
iy L T g Schroedlnger equation w/ :
\" | I
G | — o 2#M d’ Pe!#PZ/(4M) dE I#EG (E). C Vegg=! 1 omp ! — LT « TH#H(Mpr) :
T eg (2$)3 (2%) = e '
Spectral function w/ in-medium effects
Coulomb M=5TeV, a,=0.1, T=M/30 . .
* ‘ — T e m .  # Separation btw scattering and bound states
0.30 E— RN *’ becomes unclear. (i.e., BS melting )
025 — mp/T=0.029 ]
= o0 1/ T=0.006 | # Scattering and bound states are automatically
6 - — mp/T=0.001 | included, no need to distinguish
S L .
0.108 Limited to Ionization equilibrium , which
0.05° ~— is broken @ ! ion <! g.
0.00
—0.10 —0.08 —0.06 -0.04 —0.02 0.00
E/T

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



