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Introduction and motivation

 Explain the existence of the dark matter in the Universe:

Q,,, = 0.12 + 0.0012

» Precise determination of the parameter space of the dark matter: (a, m)

 Develop a simple and systematic framework for the dark matter pair’s
description during freeze-out times (when particles are non-relativistic, i.e.

cold dark matter):

(8t -+ 3H)n — —(aannvel>(n2 — ngq)

o ~ For instance, the accounting for the ladder resummation of soft gaugA T
. Dosons lowers the relic DM density by 50% (Sommerfeld effect) |

T
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Introduction and motivation

 Determine the impact of the presence of bound states within the dark sector
(wimponium),

U(1) : S(x) = B(xj)
SUQ) : S(x)s = B, ﬁf \\g/
when thermal effects are non-negligible § § (@ § § (@

Applications:

* Early universe evolution with primordial plasma

(nucleosynthesis, relic abundances of DM)

 Heavy quarkonium production during heavy ion collision in QGP

(properties of QGP, quarkonium suppression)
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Model of the dark sector

1 o A
4FMVF;L1/+Z]£Z'(Z¢ _mf)fza
1=1

 Heavy dark matter fermion

 Dark photons

o Light d.o.f, fermions - enable scale m, to appear

) , g2T2
Debye mass: my = ny ;




Energy scales present
» Two energy scales: 1"
- 1 > my, (thermal) NREFT I -
- m > my > mv* (non-relativistic) B -
« Cosmologically interesting: m > 1; PNREFT —— my
' > my ~ g1 (weakly interacting plasma) 1o
* As the Universe expanse, temperature drops:
T > 1/ag lag>T>mp>E ll/aB>>T>E>mD l/ag>E>T > my
| | g
I'=1lag | mp = |E| T=|E]|

ﬁ " To get EFT for a specific energy

Universe expands hierarchy, we need to integrate out scale
by scale, starting from the highest ‘
(m scale)

~~ Decoupling from ionisation equilibrium™
“ee._  Usually occurs here .



Pair description in EFT: NRQED

. 1 A
EDM — X(Zw — m)X — ZFNVF/W -I- Z fz(’&w — mf)fz-,
i=1
| 1
Integrating out the hard scalem > mv ~ p ~ —
dp
| |l32| c—f'gﬁ| 69]_5]", Dx gE —gE x D
‘CNRQEDDM :¢T (’LDO ! om r Cr om - Cp 8m2 - 1Cg 8m2 Tp
T D? ggB VgE . DxgE—gE x D
2 C - C -12c
X °om " om P 8m2 ° 8m? X
| ds . = ds dy +., &
=P Fu + 5P D*Fl + —59Txx'y + —9loxx oy
nf -
+Q_ fi(ilD —my)fi + O(1/m?), Ol o Sl




Pair description in EFT: pNRQED

‘ Integrating out the soft scale mv > mv? ~ E

‘CPNRQEDDM = / dSTng(t, ’F, ﬁ) (’L@O — H(’F’, —’, ﬁ, S—i, S_é) -+ g'F’E(R, t)) ¢(t, ’f‘: é)—
1 L S

_ZFW/(R, t)Fm/(Ra t) + Elightfermz'onsa
2 B Non-local \
H(7,p, P, s1, $3) =fn sy O(1/m?) + V (7, p, P, $1, $3); -ocatintime

V4SO N V4 ¢)

m m?

- O(1/m?).



Bound state formation/dissociation from TFT

 The bound-state formation cross section, could be inferred as (i.e. optical
theorem):
X3

Self-energy in pPNRQED at lowest order operator

Ls/p = —ig’ / dte’®~")rird (Ei(t,0)E7(0,0)) =
0

4—d d -
_ e [ 4 : (E@E©0))
it [ i (E@EO
4—d d -
. 2 M o [ d% i 2 D
= — - D;; D
ngd—lr”/(27r)p0—qo—h(0)—|—ie[qo (9) + ¢ Doo(q)]




*In EE propagator

¢ LO (see 2304.001 13)
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BSF at fixed order*

e NLO (see 2002.07145)
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Higher order corrections

M =1 TeV

>

velocity corrections

1

radiative corrections

0.05 0.10 0.20 0.50

see 2304.00113
for discussion of corrections




Addressing the scale m,
m>myv>T>m,E

» Presence of the scale m, requires HTL resummation
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Exploiting the large scale separation

m>mv>1> mD,E
» After integrating out scale M and Mv, we start with pNRQED,,,at T'= 0

L NREFT = L light T Jd3r¢+[ido - ]jt(o)kb + ¢+7gf¢

 Integrate out scale I

The photon sector is modified to HTL one.™

e Integrate out scales my,, £

\ 4

(GBSF Vrel) I>mp,E

IR divergent,
Will cancel-out with UV divergence from lower scalgs
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Bound-state formation: Results

same manner E > my, is tre

a=0.01, n,=1 a=0.01, n="1
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Regions of validity

T =k mp = |E1s] = |Eng|
: : I
pPNRQEDpy - - LO

fails : . _ LO+NLO
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Dark Matter Density Evolution
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Dark Matter Density Evolution

Boltzmann equations - as the classic simplification of OQF

#Unbound DM

dn \ particles /
g 2 R , . o NI
E T 3an - <Gannvrel >(n f,eq) — Z <<GBSF Viel > nf o F%OnnB)
’ u%dMStat
dnB 3HN. — B 2 _ Tiony, __ T dec _ _ Fexc [exc o
7 T JHng = <GBSFVrel> ng ng— g (ng —ng,,) = png — 1'pZ pip)
B#B’

Assumptions (1503.07142): 1" ,,. > H
(Bound states - close to equilibrium)
+ detailed balance equation
+ neglecting (de)excitations

dny [dec >
7 T 3an — <6annvrel> + Z <GBSFVrel> Fdec N F’On nf _ nf,eq)

4 Effective cross-section
- g 16



Dark Matter Density Evolution

Effective annihilation cross-section: asymptotic regimes

dec
[ B

c+1"%0n

(Gurer) = () + X, (OBosrer)
B B

« lonisation equilibrium: 7> E, I". >1T,

ng!
(nfy?

<Geffvrel > ~ <6annvrel > + 2 F?;ec
B

» “No back-reaction”: I' < E, 1 ,,. > 1.

<Geffvrel > ~ <6annvrel > + Z <GgSerel >
B
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Decay and Annihilation

Decay and Annihilation: Directly from pNRQED),, Lagrangian (imaginary part)

. /) ' -
L = oz | drd'8() (290d)] - Q1] — () &
2 spin states: ™
- orthodarkoni, > ‘ )!( )!(
~ Im(d,) + 3Im(d,) o ar( 4 2galv,
<0annvrel> o m?2 S(a/vi’el) =/LO in al = m?2 1 — e2malv,,
dec __ S 2 __ 6
Uispa = 2 [W1000) |7 = N + 0(a”) (Sommerfeld enhancement factor >
. 48ld) e ma
S0 = 2 | w100(0) |* = : + O(a®)
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Transitions between bound states

De-, Excitations
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Effective cross-section

<0V>eff/<ov>annih

Dark Matter Density Evolution
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<0V>eff/<av>annih
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Results: yield

a=0.1, n;=1, m=10TeV a_O 1 nf_1 m = 10TeV

r

—— Annih. only

— |on. eq.
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Results:

0.10
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Conclusions and Future Work

 EFT framework allows for a rigorous derivation and a systematic inclusion of
corrections to the relevant observables

* The presence of Debye mass scale affects the evolutions of the dark matter in
the Early Universe.

* The effects are of the same order as the NLO (electric correlator) corrections.

« Explore I' & my, (exactly where we expect the effect to be the strongest).

o Study Open Quantum System formalism.

Thank you for your attention



