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Introduction and motivation

* Investigate pairs of non-relativistic particles, which could form
bound states:

Ull) : S(xy) = B(xy)

SUQ) : S(xj)s = B,

with thermal effects ﬂ \g/
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Applications: S

 Dark matter bound states in early universe plasma
(nucleosynthesis, relic abundances of DM)

 Heavy quarkonium production during heavy ion collision in QGP
(properties of QGP, quarkonium suppression)



Model of the dark sector

Loy =X(GED —m)X — jIFWFW + Z fiGD —my) fi,

 Heavy dark matter fermion
 Dark photons
 Light d.o.f, fermions - enable scale m, to appear

) , g2T2
Debye mass: my, = ny 3




Energy scales present

 Two energy scales:
- 1 > myp, (thermal)
—m>>mv>>mv2(

. . . NREFT .-
non-relativistic) d

« Cosmologically interesting: m > T;

_ _ pNREFT —t T,
' > mp ~ g1 (weakly interacting plasma)
S mvz
* As the Universe expanse, temperature drops:
T > 1/ag | lag>T >mp>E | lag>T > E > mp | l/ag>E >T > my
| | | T
T =1/ag mp = |E| T=|E]|
ﬁ

Universe expands
Decoupling from ionisation equilibrium
usually occurs here
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Pair description in EFT: pNRQED

o 1 .
‘CDM = X(zﬁ—m)X — ZF“VF“V—'_Z‘fi(Zw_mf)fi’
i=1

1
‘ Integrating out hard scale m > myv ~ p ~ —
dp

NRQED

‘ Integrating out soft scale mv > mv? ~ E

pNRQED
LpNRQEDDM — / d’ngT(t, r, R) (280 — H(’f’,p, P, S1, 82) + gFE(R, t)) ¢(t, r, R)+
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Decay and Annihilation

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

o / d*re'8(7) (291d,] — SA(Sd,] - Sldu))) 4,
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Self-energy diagram at higher orders*
*in EE propagator “Optical Theorem>
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velocity corrections
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radiative corrections
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Higher loop processes

a) b)
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Exploiting the large scale separation

When integrating out each
of the scales, one can use
hierarchy to expand objects
(i.e. in powers of T/E)

m>myv>1>my L

« After integrating out scale m and mv, we start with pNRQED,,at T =0

L oNREFT = L light T Jd3’”€b+[iao ~ hOp + ¢ T E

‘\\ IR divergent,
< will cancel-out with UV divergence frD
lower scale
« Integrate out scale my,, £

+ q

(UBSF vrel)T>>mD,E’ IﬂBSM ’ 1_‘B—>B’ Po

« Integrate out scale T
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Bound-state formation: components, 1S state

a:O.l,nf: 1
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n=1

Bound-state formation and dissociation

18, LO
18, EFT
- 1S, NLO |
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Bound-state formation and dissociation: n < 2

a:0.1,nf=1
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Higher n states are
affected “longer” by effects of
resummation
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Bound-to-bound transitions
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Dark Matter Density Evolution
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— + 3Hng = <GBSFV,,81> ng — g — T (ng — ng.,,) — 2 (U pnp — TpZ, pip)
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Effective cross-section
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Freeze-out, yield
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Relic density: M-scan
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Relic density: a-scan

RQDM

n=1M=10 TeV

1.00
\

0.98: T 1

0.96 :

0.94 e

0'92f —— EFT,n; =1 —— EFT, n; =2 |
--- NLO,nj=1 =--- NLO, n; =2

0'90 | | | | | | | | | | | | | | | | | |

0.05 0.06 0.07 0.08 0.09 0.10

18

n<2 M=10 TeV

1.00

0.98 " .
0.94 " e :
0.92 -
0.90 ]
0.88F EFT n;=1 —— EFT, n;=2 :
0.86- -~ NLO,ny=1 --- NLO,n; =2 i

005 006 007 008 009 0.0



Conclusions

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

* Higher excited states are affected by the resummation up to
lower temperatures

e Effects of resummations are strongest for stronger coupling and
larger number of light d.o.f.

e The effects are of the same order as the NLO corrections.
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