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Moriv ODUCTION

PARTICLE INTERPRETATION OF DM AND FREEZE-OUT

. e . indirect
@ DM from many compelling (gravitational) observations J .

DM SM,

@ DM as a particle: many candidates (Bertone and Hooper [1605.04909])

direct

@ Any model has to comply with

Qomh? (Mow, Mowr , aiom, asm) = 0.1200 4 0.0012

DM SM

<& from CMB anysotropies with ACDM Pianck Collab. Results 2018 collider
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THERMAL FREEZE-OUT GoxboLo ANp GELMINI (1991)

@ Boltzmann equation for DM (x)
dny _ 2 2
5 +3Hny = —(av)(nx — nx’eq)
@ relevant processes xx < SMSM, xx < x'x’

@ decoupling from H ~ Neq (T annViel)
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@ DM and/or coannihilating partners interact with gauge bosons and scalars J
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E ~ Mv, Mv? E~M

@ repeated soft interactions: Sommerfeld enhancement and bound states Hisano, Matsumoto, Nojiri [hep-ph/0212022],

[hep-ph/0307216]; B. von Harling and K. Petraki [1407.7874]; Beneke, Hellmann, Ruiz-Femenia [1411.6924] ...




MOTIVATION AND INTRODUCTION

(GOING TOWARDS A REALISTIC PICTURE
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MOTIVATION AND INTRODUCTION

LESSONS FROM HEAVY QUARKONIUM...

@ many bound states may appear in the spectrum

@ their existence depends on the temperature

—dissociation and recombination processes

@ bound-states calculations can be performed in NREFT /pNREFTs

Matsui and Satz (1986); Laine, Philipsen, Romatschke and Tassler [hep-ph/0611300]; Brambilla, Ghiglieri, Petreczky, Vairo [0804.0993]
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ABELIAN DARK MATTER MODEL

ABELIAN DM MODEL

T M — QEDpy
@ Dark matter model Lagrangian
- . 1 1, e
L= X(Iw _ M)X _ ZF;U/F#U =+ ['portal Ma NRQEDp,
5 —+ Ma? —+ PNRQEDpy
o M>» Ma>» Mo”2 T r
@ Non-relativistic QEDpni: integrate out the scale M
D? o-gB V -gE oc-(DxgE—gExD
e g g . gE—g
LNRQEDpy = ¥ ('Do - M+ M +cr M + PYVE + ics PYYE P
D? o-gB V - gE oc-(DxgE—gExD
ip M- — —¢ [ ic:
tox <'°+ v Fom TP T 82 x
1 > ds dy
= F Pt FUD Rt st x e prut o x o xt o
+  Lportal s
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ABELIAN DARK MATTER MODEL

PNRQEDDM

@ integrating out the scale Ma: EFT for DM pairs and ultrasoft dark photons

1 17
LyNRQEDpy = / d®r ¢'(t,r,R) [i8 — H(r,p, P, S1,S2) + gr- E(t,R)] é(t,r,R) — 2"

@ Hamitonian and potential

JER~ o
H(r,p,P,S1,S:)=2M+ 2 v = _ P v(r p, P S1,S)+...
(r,p 1,52) it s T Ve 1,52) +
v @
_ vy _
V(r,p,P,S51,8) = V" + YRR

@ account for above-threshold and below-threshold states (for heavy quakonium X. Yao and T. Mehen [1811.07027])

3
¢'ij(t7 r, R) = / %

Z o /Ent+iP-R W,(r) S bu(P)

d3p
(2m)?

e EHP R W (r) S5 aﬁp(P)}
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ABELIAN DARK MATTEF

(Gamnveer) (P) sz (PO [ @rel R0 [~1mov ()] o(r, R, 1) 16,0)

Im(ds 3Im(d,
= WMO(OMZ = (oann Vrel) Sann ()

[hard scale M]: Im(ds) = ma? [1 e (ﬂT - 5)] and Im(d,) = (x> — 9)a’

@ [soft scale Ma]: Sann(¢) = 17§+§W<, ¢= .a%p = %el

2
fuget a (19 4
TannVrel = W |:1 + ; (EWZ — 17+ g |0g2>:| Sann(C)
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: DECAY (XX),

Mow = %(n,0|/d3r¢f(r,R,t) [~ImsV*"(r)] ¢(r, R, t)|n,0)

@ here we distinguish between para (S = 0) and orthodarkonium (S = 1)

4Im(ds) |Ro(0)> Ma® 2 4
rparaiim( =) [RoO)F _ 2a [1+g(175+§log2
T

M2 4 4

_ 4Im(dy) [Rwo(0)® _ 2(x* — 9)Ma®

r =
ortho M? 47 o

@ [hard scale M]: Im(d;) = wa? [1 + £ ("TZ - 5)] and Im(d,) = %(7\'2 —9)a’

@ [soft scale Ma]: |Ry(0)|*> = 4/a3
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: BOUND-STATE FORMATION

o (XX)p =7 + (XX)a ;MA

st L od—2 4 g ; d% i
= —jg-— r
P & a1t 2m) PO — K — H e
i )
X k| ————— 4+ 278(k2 — |K|? k i
e R G R0
g2 2 3
(bt ¥re)(P) = S (0 k0o retde = o 3 (14 n(BED)] [(alrlp) P(AED)
n n

@ Our work: matrix elements in a closed form for any bound-state see also M.Garny and J.Heisig [2112.01499]

azﬂz 210 Cs e—A(arccot <

3M2 (1+¢2)? 1— e2n¢

(015 bsf e (P) =

Vrel

Mv?2 o?
[14+ne(aER)] AR = = (1 + —2)

agreement with B. von Harling and K. Petraki [1407.7874], T. Binder, B. Blobel, J. Harz and K. Mukaida [2002.07145]
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ABELIAN DARK MATTER MODEL

THERMAL AVERAGE AND BOUND-STATE DISSOCIATION
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ABELIAN DARK MATTER MODEL

THERMAL AVERAGE AND BOUND-STATE DISSOCIATION
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@ All ingredients are ready for
® v+ (XX)n = (XX)p

dnx
3 s 3Hnx = —(Tett Veer) (N — "iyeq) ,
Mea = 2/ b (Z ) nB(lk‘)Uinon(Ikl) R rn
LA (Gt Veel) = (Tann Vrel) + D (Opas Vrel) —— 22—
p Mo +Mea
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velocity correct

radiative corrections

m
v

radiative corrections

@ Result for the cosmologically viable parameter space with Sommerfeld and BSF

0.40

Qpyh? = 0.1200
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— 0(a*), n=1
— 0(*). n<2
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@ maximal effects with combination of NLO and

excited states

@ draw experimental constraints with Lyor¢al




NON-ABELIAN DARK MATTER MODEL

NON-ABELIAN MODEL

@ Non-abelian SU(N) model, rich dark sectors (phase transitions/GWs)
o 1 o apw
L=X(>ilp—-MX— ZG“"G MY 4+ Lportal

@ the corresponding construction brings to pNQCD-like theories, Vs(o) = —Cr< and V(EO) = 5%
LpNREFTpy = /d3r {Tr [s* (id — Hs) S + O (iDy — H,) o]

v, 1
+Tr [VA(r)g(s*r .EO+O'r-ES)+ #g(OTr -EO+O'Or- E)] } -3 G, G

SU(2) SU(3)
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CONCLUSIONS

CONCLUSIONS

@ DM particles and thermal freeze-out in the early universe:

non-relativistic particles in a thermal environment

@ Many models feature vector or scalar force carriers between DM particles

= Similarities with heavy quarkonium at finite temperature

@ Adapted NREFTs and pNREFT techniques for

determining dark matter energy density

@ Bound-state formation under the roof of pNREFTs

= Large effects on the model parameter space

@ Inspect the thermal scale vV MT and Debye mass

@ our framework also highlights inconsistencies and offer a pathway for improvements

@ T ~ Ma needed to cover a broader range around the freeze-out
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