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Moriv ODUCTION

PARTICLE INTERPRETATION OF DM AND FREEZE-OUT

. . . . indirect
@ DM from many compelling (gravitational) observations J et
DM SM
@ DM as a particle: many candidates (Bertone and Hooper [1605.04909]) g
@ Any model has to comply with
Qomh? (Mo, Mowr, ciom, asm) = 0.1200 =+ 0.0012 DM s

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

PARTICLE INTERPRETATION OF DM AND

FREEZE-OUT

. . . . indirect
@ DM from many compelling (gravitational) observations J et
DM SM
@ DM as a particle: many candidates (Bertone and Hooper [1605.04909]) g
@ Any model has to comply with
Qomh? (Mo, Mowr, ciom, asm) = 0.1200 =+ 0.0012 DM s

<& from CMB anisotropies with ACDM Planck Collab. Results 2018 collider

THERMAL FREEZE-OUT GoxpoLo axp GELmiNt (1991)

@ Boltzmann equation for DM (x)
dn _ b) o)
Trx + 3Hn, = —(av)(nX — nx)eq)

@ relevant processes xx < SMSM, xx < x'x’

@ decoupling from H ~ neq{Cann Vrel)

H T ( ) o?
~ —— (cannVe|) =~ — ,
M ann¥rel/ = 20 7 o5
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MOTIVATION AND INTRODUCTION

PARTICLE INTERPRETATION OF DM AND FREEZE-OUT

. o . 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? (Mo, Mowr, ciom, asm) = 0.1200 =+ 0.0012 DM s

<& from CMB anisotropies with ACDM Planck Collab. Results 2018 collider

M, = 0.5TeV
107"

THERMAL FREEZE-OUT GoxpoLo axp GELmiNt (1991)

= a=0.01
10710
@ Boltzmann equation for DM (x)
dny _ 2 2 -11
= +3Hny = —(av)(nX — nx)eq) 10

@ relevant processes xx <+ SMSM, xx + x'x’ T

o= 0.05

@ decoupling from H ~ neq{Gann Vrel) 10713
2 2

&4 1071
Hx~ — TannV, ~— — & —
Mpr (gann Vye|) M2 M 25 o
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MOTIVATION AND INTRODUCTION

DM MODELS WITH MEDIATORS

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

|
T
I I
I I
t
|

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] ...
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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] ...

dnx

i 3Hnx = —(0ett Veel) (N — Mx.cq) »
_ n Mann
<0'eff Vrel> = <0'ann Vre1> + ;(Jbsf Vre1> m

J. Ellis, F. Luo, and K. A. Olive [1503.07142], K. Petraki, M. Postma and J. de Vries

[1611.01394], J. Harz and K. Petraki [1805.0120], M.Garny and J.Heisig [2112.01499]...
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DM MODELS WITH MEDIATORS
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— Q=012
dnx
e + 3Hnx = —(Geft Vea1) (% — ni,eq) ,
r
(Oett Vrel) = (Tann Vrel) + Z(Ugsf Vrel) ﬁ
- ann T Tisa
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MOTIVATION AND INTRODUCTION

DM MODELS WITH MEDIATORS

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

o (Q@) dynamics in a thermal environment

@ NRQCD and pNRQCD
Matsui and Satz (1986); Laine, Philipsen, Romatschke and Tassler

[hep-ph/0611300]; Brambilla, Ghiglieri, Petreczky, Vairo [0804.0993]




PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNREFT FOR (PSEUDO)SCALAR MEDIATORS

SIMPLIFIED MODEL

_ 1 1 A - .
L£=X(if = M)X + 50,6 0" ¢ — Emzqﬁz - E(b“ — X(g + igs15)X + Lportal »

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

@ gs allows for pair annihilations XX — ¢¢ at O(v°)

@ pair annihilations — Qpm h? and signals for indirect detection

@ Derive o, and I in the unified framework of

T T Lo NREFTSs
@ Include near-threshold effects for Qpn h?
—+ Ma — NRY,s
M > Ma > 7T 2 Ma®, Ma > mg
—+ Ma? s —+ pNRY s
T @ Include near-threshold effects for indirect

detection [prospects for CTA]
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NREFTS FOR PSEUDO-SCALAR MEDIATORS

@ integrate out the hard scale E ~ M [T = 0 matching] M. E. Luke and A. V. Manohar (hep-ph/9610534)

bilinear bilinear
'CNRY.Y5 = ['111 + LX + La-fermions + Lscalar

@ interactions between NR fermions/antifermions and scalar mediators

o-[Vel ¢ f)w

ﬁbilinear — T i90 —
0 v este Ty 52m " 2Mm
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NREFTS FOR PSEUDO-SCALAR MEDIATORS

@ integrate out the hard scale E ~ M [T = 0 matching] M. E. Luke and A. V. Manohar (hep-ph/9610534)

bilinear bilinear
'CNRY.Y5 = [11/, + LX + L4-fermions + Lscalar

@ interactions between NR fermions/antifermions and scalar mediators

i . vel .9 VP
ﬁblllnear — T 9o — o [ _ Y v
¥ P | ido g¢+g572M &5t oM P

@ four-fermion interactions encode the annihilations into light degrees of freedom [2S+1LJ]

G. T. Bodwin, E. Braaten and G. P. Lepage (hep-ph/9407339)

fES fés
(La-sermions)d=6 = (MZ") O(*So) + (le) 0Cs), o) =v"xx"v, 0Cs)=yiox x'ov
m? m2 O\ 72
Im[f(*So)] = 2maas F(mg/M), F(my/M)=1/1— Vi (1 - ﬁ) . Im[f(*Sp)] =0
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNREFT FOR (PSEUDO)SCALAR MEDIATORS

@ integrating out the scale Mo and mg: EFT for DM pairs and ultrasoft/thermal scalar mediators

SB and V. Shtabovenko (2106.06472 and 2112.10145)

Lonrv,y = [ dr ot (r, R, 1) {i00 — H(r,p, P, $1, 52)~2g0(R, t) — g2 [VieVk 6(R, 1)]

—g¢(R, r)}j—f} o(r, R, 1) + 19" $(R, 1)) — (R, 1) — AS(R, 1)

@ soft and ultrasoft pseudoscalar interactions are suppressed; Hamitonian and potential

2 P2 4

p p
H P,51,S)=2M+—+4+ — — —+V P,S5:,S
(r,p, P, S51,5>) tutam as T Ve P51 S+
v v o
— v 0) _ —myr
V(r,p,P,51,5,) =V +7+W+”" v =—7€ @

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

d*p

@U(tr r, R) = (271_)3

[Z e EnHP R (r) S on(P) ¢
n _—R——————

d*p — iEpt+iP-R
T V(1) Sy 00(P)
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

ANNIHILATIONS AND DECAYS

Im[f(*Sp)] = 2mraasF(mgy/ M)

TTERING S

2 3 8
e (P) e { (Im[f(‘So)] + Im[gcso)]%) ol )+ Ll CRN Sl slm(c,@}

12 Vrel2a

nS _ IRHS( )I nP; __ |R/P(O)|2 3
[ Wlm[f( So)l, Tamh = ;Tlm[f( P)l, En= —Wn/(ﬁ) 4n2
4
@ (=22, ¢= ; let us keep in mind the dependence of Fam, < asat
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

BOUND-STATE FORMATION AND DISSOCIATION

Ahorvea = o (8822 = mE]E (111 + 20(pl 7] + 20 (88D~ 2] |(p] Vo
-3 [(aED? = m3)? Re {<p| E n <n\r2|p>} [1+ ns(AED)]
v
/I\ 2
& T & 3
1

BOUND-STATE DISSIATION

d’k g2 My
Moo = | ns(kD)olon (1K), oma(lkl) = =X o8
BSD K> ki (271_)3 Tion ion 86 &n 4|k‘2 BSF
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PNREFT FOR SCALAR AND PSEUDOSCALAR ORS

BOUND-STATE FORMATION AND DISSOCIATION

(@& — 2 )2 [[ple? il + 2ol ] + 20 [(AELY — m2]? |(6] Tz

(03
120
ey
3

ez - 2] e [ (o Ze] ot 1+ ot

BOUND-STATE DISSIATION

a3k g2 MZVreI
Moo= [ snelkolonkl), ol (k) = 22 T oy
BSD 1l > kmin (271_)3 Tion Tion g6 &n 4|k‘2 BSF
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

THERMAL BOUND-STATE FORMATION

1Epl
o Mo 15 T s 15 209 1s z Vue T
= ’ = —, OpseViel = | Sper((,€) s (OpgeViel) = —(= duSgg | o/ —
Vrel 2m, e \A\/I,z/ Nz 4u) 1Bl 1
o0
a=0.1, 1S
1000
100
10
s T«
(,%? 1 — Coulomb (/(Sg
——= £=100
0.100
--- =75
ooto: i co0
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

RELIC DENSITY

dnx 1 2 2 n M
5 T 3Hnx = *5<Ucff Viel)(Mx — Nx oq) s (Tett Vel) = (Tann Vrel) + 2,1:<UBSF Veel) ﬁ
M=2 TeV, as/a=10" M=2 TeV, @=0.15
0.18
016 e w013 1.00
=== a=0.15 w 0.95
2
s
<\_7:\ 0.90
=
[}
c
“E 0.85
=
[=}
G
0.80
0.08 S -== as/la=10"* R
0.75
1 10 100 1000 1 10 100 1000




INDIRECT DETECTIO

INDIRECT DETECTION

@ look for DM residual annihilations on the flux of cosmic ~-rays

Planck Ferm CTA

@ photons from cascade decays
10-21 ] CMB dSph GC FO

+ 2
10-22 Lportal = —Hphd (H'H — 7

2
1 2 + v
SN HiH— — |,
2¢h¢( 2)

Lo
— swave, as = 1073
s == swove ag = 105 @ (XX = ¢¢) x (¢ — SMSM')
— e
102 — @ [left plot] M =1 TeV, m, = 1 GeV, a = 0.1
10-° 1077 10-°

Vrel




INDIRECT DETECTION

GENERALIZED J FACTORS

@ The contribution of DM annihilation to the differential photon flux is F. Ferrer and D. R. Hunter (1306.6586)

do., 1 dn, / /oo / 3 / 3
= dQ d d’v; d vafx (r(vp, Q), i) fx(r(v, Q), %) 0 Vel
dE, ~ 167 dE, Jaq \ p 1 2fx (r(v, ), 1) fx(r(¥, Q), %) o Vel
0 oovve = (00 — Im[f(1Sy)]/M? and o7 = o (10 = (Im[F(3Py)] + 5Im[f(*P2)])/12M?
de, 1 dng) -wav wave (1,0
dE, _ 16mMP (Z Bfﬁ ( S OO (€) + abe S0 (€) + oBerBsr,a(ﬁ)) .
10% 102
—— ==~ Planck w/o SE
10% | — -~ Fermiw/oSE e
10 CTA w/o SE "jZ:::::::_——
mg 102 g- _____________
=~ £ 10-% [
3:1022 : 1 - N A~ A
g 1020 §§ 10727 Y Y
10 10-% ! '
1
1016 dree i i . . . 1
1072 101 10° 10* 10? 10% 05 1 2 3 4 5 10
13 M [TeV]
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INDIRECT DETECTION

M [GeV]

N Planck
104 M Fermi
CTA

10* 104
M [GeV] M [GeV]




INDIRECT DETECTI

CONCLUSIONS

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

non-relativistic particles in a thermal environment

@ Focus on models with scalar force carriers between DM particles

= develop NREFTs similar to heavy quarkonium at T = 0 and finite temperature

@ Developed NREFTs and pNREFT techniques for

determining o vy and I

@ Include the leading effects of bound-state formation

for both Qpih? and indirect detection
@ J-factors for Sommerfeld effects and BSF

@ Assessed CTA prospects for the model

M [GeV]

@ Outlook: include excited states and inspect their effects on Qpyrh’ and indirect detection

[see T.Binder et al (2308.01336) for vector-mediator models and excited bound states on the thermal freeze-out]




MATCHING COEFFICIENTS

Im[f(*Sp)] = 2raasF(F),

aas (1 — 8372 4 554 - 376 .
Im[g(ISO)] = _87r3 (1(1 _8 ,:'2/2)3(1 — ;;) )}-(r)
~ 2
Im[f(3Py)] = % {304 (2 _ gg”) - %Q(F)} F(7),
Im[f(3P,)] = 115(a + as)2G(F)2F(F)
@ auxiliary functions with 7 = mg /M
2 _ F2
R = 2. 60 = 1
(1-%) :
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J FACTORS

[t =ox() = [ a9 [ dvox(it. )
@ In the following, we assume that we can split up the cross section as

oo
ovie = > oA (¢ )+ 3 olul sl (¢, €) .

1,j=0 n>1

@ This motivates the definition of a generalized J-factor

S (6) = /M dQ/OOO dw/d%lfx(r(w,n),m/d3vafX(r(¢,9),@)vfeﬁ’“)s;g)n(a/v,ehg)

@ for fx we use methods for the analysis of galactic dynamics that hold in collisionless systems in a

quasi-equilibrium state J. Binney and S. Tremaine (Galactic Dynamics 2008)
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OTHER LIMITS (DSPHS)

10%
10%
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S ©
% 102 3
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E sl E PN
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5502 H
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i ! o
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@ [UP] Galactic center and Dwarf Spheroidal Galaxies
@ [DOWN] Limits on the s-wave and p-wave dominated DM annihilation scenarios, my = 10 GeV,
a=0.1




PHOTON SPECTRUM

) ZN?: number of photons produced by annihialting dark matter per photon energy
1) Bry into various SM final states
2) ~ produces by a given SM final state (decay or hadronization)
3) prescription for the boost of the decaying ¢ in the galactic rest frame
@ high-mediator mass range: m, > 10 GeV; ¢ — {hh, Wt W™, ZZ, gg, tt, bb,éc, 7T}

A. Djouadi (hep-ph/0503172)

10 100 1000
my [GeV]

@ low-mediator mass range 2m_o < mg < 1 GeV: decays into pion pairs play a large role;

X + X — 2¢p — 47 — 87 [we use here M.W. Winkler (1809.01876)]
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