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Motivation - Thermal freeze-out of DM

o  Particle nature of dark matter (DM) yet unknown

M=1TeV, a=0.1

o  Present-day DM relic density known: Qpyh? = 0.1200 & 0.0012 10710

107"
o0 Plethora of models and extensive literature available
10712

o Categorize DM according to their production mechanism and evolution in early universe 1077

freeze-out I
10714
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O  Prominent scenario: Thermal freeze-out of DM

o Time period triggering departure from chemical equilibrium, while kinetic equilibrium maintained

o  Freeze-out mechanism widely used for WIMPs, but may be used also to models with stronger self-

interactions



Thermal freeze-out of DM

o Dark sector: Particle-like DM (mass M) interacting via long-range mediator

o  Early universe (T = M): Heavy DM in thermal equilibrium with dark medium

o Expanding universe (1" S M): T cools down — detailed balance lost

o  Evolution equation:

M
o  Observed DM relic abundance implies heavy DM: Qpyh® ~ 3 x 10" —Y;, — M ~ TeV

TeV
O  During and after chemical freeze-out, DM is non-relativistic: H ~ (0egUrel)Neq — 1 ~ M/25

o  During thermal freeze-out, DM being non-relativistic induces a hierarchy of energy scales

o Exploit effective field theory (EFT) methods at finite 7' to compute relevant thermal rates
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Heavy thermal DM interacting via long-range mediators

o  Model for the dark sector: Fermionic DM weakly coupled to dark U(1)py;

Hem)
H’int
©  Thermal medium: Thermal dark gauge fields and SM particles with temperature T
o Lyortal : Portal couplings to the SM, additional light d.o.f. in the dark sector, ... — disregard, i.e. purely self-interacting dark sector!
A
o  Weakly coupled non-relativistic DM: Separation of energy scales into hard, soft & ultrasoft scales
-+ M
o Near-threshold contributions at the ultrasoft scale substantially affect the annihilation rate
ELR -', P DA -“ | M&
<Oeff Urel> — <O-annvrel> + Zn:<0_bsf Urel> ann i Fng
§ _ s |
O Repeated soft exchange between non-relativistic particle & antiparticle - formation of metastable pairs




Hierarchy of energy scales - Effective d.o.f.

Momenta follow a Maxwell-Boltzmann distr.

Weakly interacting (o« < 1) non-relativistic (v < 1) thermal DM during and after freeze-out

D~ VMT >T
i{ D v p/M ~Y

VTJM <1 ]

Effective d.o.f. at thermal freeze-out ( T» < M /25) and after freeze-out (M > T'):

Non-relativistic, kinetically equilibrated pairs close to threshold with relative velocity vrer ~ \/W <1
Hierarchy of energy scales induced by the relative motion: M > Muv,q > MovZ,
Non-relativistic Coulombic bound-state pairs with relative velocity fixed by the virial theorem vy ~ o < 1
Hierarchy of energy scales induced by the relative motion: M > Ma > Mao?

Thermal total momentum due to c.m. motion of the pairs: P ~ vV MT > T

Thermal environment: Abelian dark gauge fields with temperature I°

/B

T/M

- M«

- M ao?




a2 0.2

: T < Ma?
Hierarchy of energy scales - EFTs ; »
Mo TF t
o  Hierarchy of energy scales:
0.04 <a<0.2
E TS Mo
: >
M o TF ]\4()42 t
o Condition T < Ma? fulfilled for most of the time after chemical decoupling T < M/25
a < 0.04
o Utilize EFT techniques to disentangle the scales at Lagrangian level: T < Ma?
: >
- C e : Tr Ma Mo? t
* Integrate out higher modes subsequently —> tower of non-relativistic EFT’s, in our case:
A A A
1. First integrate out hard modes of order M — NREFTpy
+ M + U(l)pwm
2. Next integrate out soft modes of order Ma — pNREFTpy
4 Ma -+ NREFTpy
 Perform the matching order by order in & — radiative corrections to the matching coefficients vVMT
—+ Ma? +— pNREF Ty
. T




Potential non-relativistic effective field theory (bONREFT)

@)

Hierarchy of energy scales:

Integrate out energies & momenta of the dark gauge fields of order M« | already at the Lagrangian level,
pNREFT 5y

organized as a multipole expansion in the relative distance » < R —

Lorentz force:

Multipole expansion valid aslongas Ma ~ 1/r > T,Ma* ~1/R , and matching can be doneasin T =0

For larger T' 2 Mca?: Possible thermal corrections due to the scale VMT 2> Ma

At O(r):

E,=2M—M-— + —

H(T,p,P,Sl,Sg):QM—I—

P
‘CPNRQEDDM — /dBT ¢T(t,r, R) [280 — H(’l",p, P, Sl, SQ) +gr- E(t, R) +gr- (m X B(t, R))] ¢(t, T, R:

o’ P?

A4n2  4M
p%el i P_2
M AM

2
prel
M r

~ Mao?, T

c.am. Pre i
AM  4M3
—— N————
~ T ~ Ma* suppressed

T
~ T — d
Vi suppresse

F=g(E+V x B)

J

* ¢(t,r, R) bi-local field of the DM pairs (“darkonium”)

* E(t,R), B(t, R) ultrasoft dark electric & magnetic fields



Fourier decomposition of darkonium field:

Annihilations in pNREFT bt R) = / gﬁf; S S iBHPR (1) 5, 60 (P)

n

dgp —iEyt+iP-R
(27‘(‘)3 € v \IJP(T) S’ij ¢p(P)

o  Annihilations are in the imaginary parts of the 4-fermion matching coefft. T Z

spin

o Local interaction terms from NREFT translate directly into local potentials in pNREFT, here for S-waves up to order 1/M*:

o  Annihilations with higher angular momenta arise from higher dimensional local interaction terms, e.g. P-waves from dim.-8 operators

©  From optical theorem, compute observables for S-wave annihilation, in the lab frame:

Lorentz contraction

- ~ . . ATm(d,) 2< P? )

Im(d,) + 3Im(d, P2 e Paradarkonium XX — ~~v: T"wpara _ v, (0 1 —

. (O_annvrel)(p) _ ( ) - ( ) ‘\ij()(o)‘z 1 _ Yy ann M2 | ( )’ 8M2
o M S—— 8 M2
hard corrections soft corrections ATenld p2
Sommerfeld enhancement o Orthodarkonium XX — yy~y: Dmortho — m(dy) |‘Ifn(0)!2 1 — '
ann M2 8M
. . . . P- T
> Factorization of the hard and soft scales! Lorentz contraction due to c.m. motion, but suppressed since 72 <1



Near-threshold processes

o Feature of EFTs: For near-threshold processes the interaction rates will factorize in terms coming from the soft and ultrasoft scales

O

At LO in 7, close-to-threshold processes are induced by the electric dipole vertex and include:

* Formation of bound states (bsf) § g

Dissociation into scattering states (bsd) ®

Bound-to-bound transitions: (De-)excitations

Scattering-to-scattering processes: Bremsstrahlung and thermal absorption

o Distinguish between two frames: ' + Thermal medium at rest, DM pair initially moves with c.m. momentum P = 2MV ~ VMT |

i « DM pair initially at rest, thermal medium moves with velocity v

— Additional vertex due to Lorentz force (velocity suppressed):

© Dynamical d.o.f. in the process:

« Thermal DM pairs with momenta of order Ma, vV MT and energies Ma?, T

« Ultrasoft, thermal dark gauge fields with momenta and energies of order Mo?*, T

10
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Electric dipole transitions

o  Contrarily to annihilations, near-threshold processes happen in the thermal medium —— pNREFTs at finite 7" !

o Use Schwinger-Keldysh formalism, advantage: Though d.o.f. double, they decouple for non-relativistic DM pairs

i 1
0 0
_ ' 1 1 — ]
At LO: GCb(po) _ p05 H + i€ L + 216 (po — H) n(po) <1 1> ~ | Po— H + € y
2 — H 2m0(pg — H
7T(pO ) pO—H—iE 7T(po ) pO—H—iE

o Use Coulomb gauge, advantage: Longitudinal propagator independent of 1’

(

0
—
Doo(|k|) = & O+Z€ —q
|k|? — i€
kzk . 9(—]60)27'('5(]62)
Dij(/c):<5z-j— g) k? e . + 2m6(k2) np (ko) G D
k| 0(ko)2md (k2) o
_ — 1€ _

o Medium breaks Lorentz invariance — choose frame where medium at rest

11



Lab frame: Thermal medium at rest, DM pair with non-vanishing c.m. momentum

o Using the optical theorem, obtain bsf cross section in the dipole limit by cutting self-energy diagrams (at finite 7" ):

 Electric-electric correlator:

m m (Bt R)Ej (0, R’)> _ / (;il; e—ik0t+z‘k.(R—R’) [ngij (k) + kiijOO(kﬂ

 Magnetic-magnetic correlator:

d*k 0, ,
m B;(t, R)B; (0, R")) = €;ab€:cd e~k itk (R=R)p 1 D, (f
J J

(2m)*
e Electric-magnetic correlator:
?
A 4 2Pk—k? _ : d*k . . ,
" M ko e <Bz (ta R)E] (07 R/)> — —€4ab / WG_ZkOt—Hk.(R_R )kakon]‘(k)
7T
o Inthe bsf process (XX), — v+ (XX), the DM pair recoils when emitting * Magnetic-eleciric correlator:
| T
a thermal or ultrasoft photon! Recoil term of order T'\/ — < T d4k . . ,
P M <EZ (tv R>Bj (07 R/)> — —&jab / (2 )4 e_ZkOt—Hk.(R_R )kakOD’ib(k)
s

— Expand the DM pair propagator!

12



BSF cross section via thermal photo-emission

A P2> o T
Na,

M’ M2 M

©  Final result: BSF cross section up to O ( 7

;'} 1 n P n
” (Obst Vrel) (D, P) = ga;Ag[l + nB(A)]{|<nTP>2X1 (p, P) + [(n|r - W|P>’2X2 (P, P)}
with A = AEP |
oy py_ g A PP A TA PP A AZAl s
with Xi'(p, P)=1—- -+ 75+ 7nme(d) | — o |1t || T {7 ) neA)1+ne(d)]7m _ What is the impact of

these corrections?

o  Compare with LO result known in literature: (Obst Vrel) (D) = %O‘Z 1+ np(AEP)] |(n|r|p)|2(AEP)?
S re 3 n n

See also 1407.7874, 1109.5826, 2002.07145, 1805.01200, 2112.01499, ...
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BSF: Impact of the center-of-mass motion and recoil correction

o Thermally average over the incoming relative & c.m. momentum of the scattering state, as ((onstvre1)(p)) enters the Boltzmann egs.!
o Result: Impact of c.m. motion & recoil quite low (few percent) for most of the time after thermal freeze-out

© Example: Formation of 1S ground state, plot annihilation & bsf cross sections

a=20.1

110 v
I T ann, o = 0.1
1002 B ann, a = 0.5 ]
o B 18 bsfy =01 1 Similarly for bsd & (de-)excitation widths:
N P 1S bsf, a =0.5
10 ¢ ’
§ / I ' | a=0.1 a=0.1
3 I . N ‘ ._:_:_'.'..'-'l-'d-f----ﬂ-n-.-.--.-1.—.-.--.-..-'.-1.—.-:-.-.—.'. ~. T E
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E ] L ’ N 1 <1S = 2P > :
g < Samn > : | /, e <18bsd> NN P 315 P |
ol | <1Sbsf>, P=0 095/ N Q 0100¢ S 0100 s
- < 18 bsf > : H | § : o :
i ] ' | - OO’lOg \E_/ L
I i:% : £ 0010
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: : : 2 .
o  Known result gives already good estimate for the BSF cross section, for 17" S Ma~: M M
T T




Conclusions

o For thermal heavy DM, chemical freeze-out of the energy density is set by the non-relativistic regime

O Accurate estimation of interaction rates necessary in order to predict the relic abundance of DM

o In the framework of NREFTs, we compute the relevant thermal rates and highlight their range of validity

o We observe that the center-of-mass motion & recoil corrections are small & can eventually be neglected

1S

1.020 ‘
o The correction on the DM relic energy density is only about 1% ! e
1015 A
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