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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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MOTIVATION A

INTRODUCTION

PARTICLE INTERPRETATION OF DM AND

@ DM from many compelling (gravitational) observations J

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

direct

@ Any model has to comply with
Qomh?(Mpm, Mow, arpm, aism) = 0.1200 = 0.0012

<& from CMB anysotropies with ACDM Planck Collab. Results 2018
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MOTIVATION AND INTRODUCTION
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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

r---1
T
| |
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Lo——J
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

@ DM and/or coannihilating partners interact with gauge bosons and scalars J
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@ 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] ...

— Q,h*=012
a
an
s 3Hnx = —{0ett Vee1) (N — Mx.cq) »
o
(Oett Vrel) = (Tann Vrel) + Z(Ugsf Vrel) ﬁ
- ann T '5sa

J. Ellis, F. Luo, and K. A. Olive [1503.07142], M.Garny and J.Heisig [2112.01499]




MOTIVATION AN YDUCTION

(GOING TOWARDS A REALISTIC PICTURE

@ 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] ...




ABELIAN DARK MATTER MODEL

ABELIAN DM MODEL

e M> Ma> Ma*>2> T

possible problematic region P ~ +/MT: multiple expansion endangered for T > Mao?

@ Relativistic model Lagrangian

L= )?(Iw — M)X - %FMVFHV +£portal

@ Non-relativistic theory: integrate out the scale M

i D? o-gB V-gE | - (DxgE—gExD
LxrQEDDy = W <ID07M+W+CF s Togne T ( B P
D? o-gB V - gE oc-(DxgE—gExD
TliDg+ M- = — 7
tox (' o+ v~ F o T TS 8M2 X
1 ., b . d d
- ZFH FourmFM DzFouerzl/’TXXTl/’ﬂLﬁVszUX'XTU’/J
+ Lportala
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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 MATTER MODEL

PNRQEDpy AT WORK: ANNIHILATION AND DECAY

@ unbound-pair annihilations and bound state decay originate from the same set of operators

(cannvie)(P) = 2Mz(p,o\/d3r¢*(r R, t) [~IméV*™ ()] ¢(r, R, t) |p,0)
Im(ds) + 3Im(d,
= W\WW(O)\Z = (oannVrel) Sann ()
@ Sann(¢) = 17:%37\'{ (=55 = Veel

4m(ds) |Ro(0)> Ma® a (=?
Mpara = ———~ 221 — 1+ 2 (% _54 2iog2
para M2 ar Tl A

r _4Im(d,) |Rw(0)]> _ 2(x* — 9)Ma®
ortho = M2 47 - o

@ orhto-darkonium is an O(a®) effect = (o3 V,|) at the same order

( Y2 17 +3 g 2)
—n - o
" &

2
NR Ta
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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

BSD AND DARK MATTER ENERGY DENSITY
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@ Right plot: energy density with O(a®) or O(a?) for

ThsfVrel »  TannVyel s Tann, Tpey
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNREFT FOR (PSEUDO)SCALAR MEDIATORS

SIMPLIFIED MODEL

- 1 1 A o ,
L£=X(id = M)X + 50,6 0" ¢ — §m2¢2 = E¢4 — X(g + igs15)X + Lportal »

M. B. Wise and Y. Zhang [1407.4121]; K. Kainulainen, K. Tuominen and V. Vaskonen [1507.04931]

@ M>> Ma> T > Ma?>>m

v v v
LoNRY.g = /dSrd3R¢T(r, R, t) {iao 4L 21 " _ V(p,r,o1,02)

M 4M  4AMB

re i i
—2g6(R, 1)~ [ViV; #(R. 1)] } @(r, R, t) + Lucatar

@ Monopole, quadrupole and interactions between the heavy pair and the mediator

@ monopole contribution is zero (¢s|vp), (Ps|ps ). (PblEy)

exceptions for models with charged scalar and vector mediator, see R. Onacala and K. Petraki 1911.02605
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s = b+

ObsfVrel | 7 = ObsfVrel | T—0 [1 + nB(AErl:)]
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s = b+

ObsfVrel | 7 = ObstVrel | T—0 [1 + nB(AEr’:)]
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s > pp+ @ Pair annihilations

ObstVrel| 1 = ObstVeel | 7_g [1 + nB(AE})] 2%, = (nS|2Im(— V") |nS)
TannVrel = {p| 2Im(=V*"") |p)

- —_ =
- —3 =

® vpt+ P — v

d*k
r"s :/ —— ng(|k cr"s k
ba= o Gy ek btk

TH SEPTEMBER 11/13



PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

FORMATION, DISSOCIATION AND ANNIHILATIONS

@ s — b+ ¢ @ Pair annihilations
Ubsfvre1|.r = O'bstrel|T:0 [1 =F nB(AE,f)] I';fm = (nS| 2Im(—V"*““) |n5)

TannVrel = (p| 2Im(=V*"") |p)

, ° vy 69,
I
PN 7
‘ - ms 1R @12 {Im[f(lS N+ ilm[g(ls )
| ann 2 0 M 0
4 2
_ Matas e
n3 3n2
@ b+ P — b
3
Moo= [ 25 nal]) ofa (1K) ® s b0
Ik|>Eq| (27)
2raa v2
Cannvrel = 5 (1 - Tl) S(¢)
902 — 20cag + a2)v2
n ( 5+ 95)Vrel $5(0)
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

ENERGY DENSITY

drlx F;nn
== 4 3Hnx = —(Gett Vel ) (Nx — N .0q) +  (Teft Veel) = (Tann Veel) + O _(Tpeg Veel) =222 ——
dt ’ - Man + Mg

one-single Boltzmann equation, see J. Ellis, F. Luo, and K. A. Olive [1503.07142]
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

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 quarkonia/NR pairs at finite temperature

@ Adapted NREFTs and pNREFT techniques for

determining dark matter energy density

@ Borrowed from NRQED, pNRQED and developed a
NR and pNR for scalar mediators

= Large effects on the model parameter space

@ Inspect the thermal scale vV MT and Debye mass

@ Consider non-abelian models, mixed mediator models

@ Derive evolution equations from pNREFTs: connection with Open-Quantum Systems




PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

THERMAL AVERAGE
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

Lnry =

LA (V. {V,¢}} ol Ik wigwk
T g , , . g
P <160+C1g¢+C2m+C3M+C4W+CD an2 + ics Ve )

VP (V. {V.¢}} ol Vi
T g{Vv.{Vv, .8
+x <l80+c{g¢+czl2M+c3lM+C‘;M2+Cé P +icd e x

+ L4-fermions

d ? d d, d
+20,00"9 — b g+ T+ (0" 0)0%(0,8) + s (60" 6)(60,6)
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NRY aAnND PNRY

@ four-fermion operators

1 3
(La-fermions)d=6 = f(MS;)lPTX xt+ %wf ox x'ow
(La-fermions)d=s = %O(IPG ¢ PO)O( Po) + ¢ Pl)o( P1)
n f(3P2)(’)(3P2) ( )P( o) + gC 51)7)( )
+ 7( SI:/; D1) PCSP D)+

@ matching coefficients
Im[f(*So)] = 2raas, Im[f(3S)] =

Im[f(*Py)] = Im[f(*Py)] =
Im[f(*Po)] = ¢ (50 — ). Im[f(*P)] = (o + as)’,

Imlg('S0)l =~ aas,  Imig(*S)] = mlg(S1,* D) = 0.
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

BSF AnD BSD

@ in-vaccum bsf cross section

T T35 2 (BED’ [[(p1r ) + 2/(plr' P ) ]
2
+2a > AE? <p| ;; n>|2

v;
M2

—3 D (AE)) Re {<p|

n><n\r2|p>} :

@ bound-state dissociation and dissociation cross section

3

- /\k\>\s | % ne (k|) otsa(lk).-

" 3 k|® i
ohallkl) = aM?M{% (1661215} 2 + 211" ]

il Bl T )~ elme (ol

v ><n\r2|p>} } 1 :
k| M2 6 M2 |p=+/M(k+Ep)
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