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Motivation and Introduction

Particle interpretation of DM and freeze-out

DM from many compelling (gravitational) observations

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

Any model has to comply with

ΩDMh2(MDM,MDM’, αDM, αSM) = 0.1200± 0.0012

� from CMB anisotropies with ΛCDM Planck Collab. Results 2018 collider
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Motivation and Introduction

DM models with mediators

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

· · ·

E ∼ ME ∼ Mv, Mv2

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] ...

Es = 2M + Mv2rel
4

Eb = 2M − Mα2

4

dnX

dt
+ 3HnX = −〈σeff vrel〉(n2

X − n2
X,eq) ,

〈σeff vrel〉 = 〈σann vrel〉 +
∑
n

〈σn
bsf vrel〉

Γn
ann

Γn
ann + Γn

bsd

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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Motivation and Introduction

DM models with mediators
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χ χ Q Q̄⇔

Heavy Quarkonium in QGP

(QQ̄) 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]
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pNREFT for scalar and pseudoscalar mediators

pNREFT for (pseudo)scalar mediators

Simplified model

L = X̄ (i /∂ −M)X +
1

2
∂µφ ∂

µ
φ− 1

2
m2
φ

2 − λ

4!
φ

4 − X̄ (g + ig5γ5)Xφ + Lportal ,

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

g5 allows for pair annihilations XX̄ → φφ at O(v0)

pair annihilations → ΩDMh2 and signals for indirect detection

M

Mα

Mα2 mφ

T

LDM

NRYγ5

pNRYγ5

√
MT

Derive σvrel and Γ in the unified framework of

NREFTs

Include near-threshold effects for ΩDMh2

M � Mα� πT & Mα2
, Mα & mφ

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)

LNRYγ5
= Lbilinear

ψ + Lbilinear
χ + L4-fermions + Lscalar

interactions between NR fermions/antifermions and scalar mediators

Lbilinear
ψ = ψ

†
(
i∂0 − gφ + g5

σ · [∇φ]

2M
− g2

5

φ2

2M
+

∇2

2M

)
ψ

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)

+ = +

O6
M2

O8
M4

(L4-fermions)d=6 =
f (1S0)

M2
O(1S0) +

f (3S1)

M2
O(3S1) , O(1S0) = ψ

†
χχ
†
ψ , O(3S1) = ψ

†
σ χ · χ† σ ψ

Im[f (1S0)] = 2παα5F(mφ/M) , F(mφ/M) =

√
1−

m2
φ

M2

(
1−

m2
φ

2M2

)−2

, Im[f (1S0)] = 0
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pNREFT for scalar and pseudoscalar mediators

pNREFT for (pseudo)scalar mediators

integrating out the scale Mα and mφ: EFT for DM pairs and ultrasoft/thermal scalar mediators

SB and V. Shtabovenko (2106.06472 and 2112.10145)

LpNRYγ5
=
∫
d3r ϕ†(r ,R, t)

{
i∂0 − H(r , p,P, S1, S2)−2gφ(R, t)− g r i r j

4

[
∇i

R∇j
R φ(R, t)

]
−gφ(R, t)

∇2
r

M2

}
ϕ(r ,R, t) + 1

2 (∂µφ(R, t))2 − m2

2 φ(R, t)2 − λ
4!φ(R, t)4

soft and ultrasoft pseudoscalar interactions are suppressed; Hamitonian and potential

H(r , p,P, S1, S2) = 2M +
p2

M
+

P2

4M
− p4

4M3
+ V (r , p,P, S1, S2) + . . .

V (r , p,P, S1, S2) = V (0) +
V (1)

M
+

V (2)

M2
+ . . . , V (0) = −α

r
e−mφr

account for above-threshold and below-threshold states (for heavy

quarkonium X. Yao and T. Mehen [1811.07027])

ϕij (t, r ,R) =

∫
d3P

(2π)3

[∑
n

e−iEnt+iP·R Ψn(r) Sij ϕn(P)

+

∫
d3p

(2π)3
e−iEp t+iP·R Ψp(r) Sij ϕp(P)

] ϕp ϕn

φ
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pNREFT for scalar and pseudoscalar mediators

Annihilations and decays

Im[f (1S0)] = 2παα5F(mφ/M)

Annihilation scattering states

(σannvrel)(p) =
1

M2

{(
Im[f (1S0)] + Im[g(1S0)]

v2
rel

4

)
S0

ann(ζ, ξ) +
Im[f (3P0)] + 5Im[f (3P2)]

12
v2

relS
1
ann(ζ, ξ)

}

Bound-state decay

ΓnS
ann =

|RnS (0)|2
πM2

Im[f (1S0)] , ΓnPJ
ann =

|R′nP (0)|2
πM4

Im[f (3PJ )] , Enl = −γ2
nl (ξ)

Mα2

4n2

ζ = α
vrel

, ξ = Mα
2mφ

; let us keep in mind the dependence of Γ1S
ann ∝ α5α

4
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pNREFT for scalar and pseudoscalar mediators

Bound-state formation and dissociation

Bound-state formation

σ
n
BSFvrel =

α

120

[
(∆E p

n )2 − m2
φ

] 5
2
[
|〈p|r2|n〉|2 + 2|〈p|r i r j |n〉|2

]
+ 2α

[
(∆E p

n )2 − m2
φ

] 1
2
∣∣∣〈p
∣∣∣∇2

r

M2

∣∣∣n〉∣∣∣2
−α

3

[
(∆E p

n )2 − m2
φ

] 3
2 Re

[〈
p
∣∣∣∇2

r

M2

∣∣∣n〉〈n|r2|p〉
] [

1 + nB (∆E p
n )
]

2

Bound-state dissiation

Γn
BSD =

∫
|k|>kmin

d3k

(2π)3
nB (|k|)σn

ion(|k|) , σ
n
ion(|k|) =

g2
X

gφ gn

M2vrel

4|k|2 σ
n
BSF
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pNREFT for scalar and pseudoscalar mediators

Thermal bound-state formation

ζ =
α

vrel

, ξ =
Mα

2mφ
, σ

1S
BSFvrel ≡

πα4

M2︸ ︷︷ ︸
σ0

S1S
BSF(ζ, ξ) , 〈σ1S

BSFvrel〉 =
2σ0√
π

∫ ∞
0

duS1S
BSF

(
α

√
z

4u

) √
ue
|Eb|
T

eu+
|Eb|
T − 1
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pNREFT for scalar and pseudoscalar mediators

Relic density

dnX

dt
+ 3HnX = − 1

2
〈σeff vrel〉(n2

X − n2
X,eq) , 〈σeff vrel〉 = 〈σann vrel〉 +

∑
n

〈σn
BSF vrel〉

Γn
ann

Γn
ann + Γn

BSD
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Indirect Detection

Indirect detection

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

10−8 10−7 10−6 10−5 10−4 10−3 10−2

vrel

10−26
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σ
v r

el
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]

CMB dSph GC FO

Planck Fermi CTA

s-wave, α5 = 10−3

s-wave, α5 = 10−5

p-wave

BSF

photons from cascade decays

Lportal = −µφhφ

H†H −
v2

2


−

1

2
λφhφ

2

H†H −
v2

2

 ,

(XX̄ → φφ)× (φ→ SMSM′)

[left plot] M = 1 TeV, mφ = 1 GeV, α = 0.1
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Indirect Detection

Generalized J factors

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

dΦγ

dEγ
=

1

16πM2

dNγ

dEγ

∫
∆Ω

dΩ

∫ ∞
0

dψ

∫
d3v1

∫
d3v2fX (r(ψ,Ω), ~v1)fX (r(ψ,Ω), ~v2)σvrel,

σs-wave
ann ≡ σ(0,0)

ann = Im[f (1S0)]/M2 and σp-wave
ann ≡ σ(1,0)

ann = (Im[f (3P0)] + 5Im[f (3P2)])/12M2

dΦγ

dEγ
=

1

16πM2

(∑
f

Bf

dN(f )
γ

dEγ

)(
σ

s-wave
ann J(0,0)

ann,α(ξ) + σ
p-wave
ann J(1,0)

ann,α(ξ) + σBSFJBSF,α(ξ)
)
.
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Indirect Detection

Exclusion limits for α5/α = 10−1, 10−2, 10−3, 10−4
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Indirect Detection

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 σivrel and Γi

Include the leading effects of bound-state formation

for both ΩDMh2 and indirect detection

J-factors for Sommerfeld effects and BSF

Assessed CTA prospects for the model

Outlook: include excited states and inspect their effects on ΩDMh2 and indirect detection

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

Im[f (1S0)] = 2παα5F(r̃) ,

Im[g(1S0)] = −8παα5

3

(
1− 13

8 r̃2 + 5
8 r̃

4 − 3
32 r̃

6
)

(1− r̃2/2)2(1− r̃2)
F(r̃)

Im[f (3P0)] =
π

6

[
3α

(
2− G(r̃)

3

)
− α5G(r̃)

]2

F(r̃) ,

Im[f (3P2)] =
π

15
(α + α5)2G(r̃)2F(r̃)

auxiliary functions with r̃ ≡ mφ/M

F(r̃) =

√
1− r̃2(

1− r̃2

2

)2 , G(r̃) =
1− r̃2

1− r̃2

2

.
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J factors

∫
d3vfX (~r , ~v) = ρX (~r) J0 =

∫
dΩ

∫
dψ ρX (~r(ψ,Ω))2

In the following, we assume that we can split up the cross section as

σvrel =
∞∑

l,j=0

σ
(l,j)
ann v

2(l+j)
rel S (l)

ann(ζ, ξ) +
∑
n>l

σ
(n,l)
BSF S

(n,l)
BSF (ζ, ξ) .

This motivates the definition of a generalized J-factor

J(l,j)
ann,α(ξ) ≡

∫
∆Ω

dΩ

∫ ∞
0

dψ

∫
d3v1fX (r(ψ,Ω), ~v1)

∫
d3v v2fX (r(ψ,Ω), ~v2)v

2(l+j)
rel S (l)

ann(α/vrel, ξ)

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)
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[UP] Galactic center and Dwarf Spheroidal Galaxies

[DOWN] Limits on the s-wave and p-wave dominated DM annihilation scenarios, mφ = 10 GeV,

α = 0.1
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Photon spectrum

dNγ
dEγ

number of photons produced by annihialting dark matter per photon energy

1) Brφ into various SM final states

2) γ produces by a given SM final state (decay or hadronization)

3) prescription for the boost of the decaying φ in the galactic rest frame

high-mediator mass range: mφ ≥ 10 GeV; φ→ {hh,W+W−, ZZ , gg , t̄t, b̄b, c̄c, τ+τ−}
A. Djouadi (hep-ph/0503172)
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low-mediator mass range 2mπ0 ≤ mφ ≤ 1 GeV: decays into pion pairs play a large role;

X̄ + X → 2φ→ 4π0 → 8γ [we use here M.W. Winkler (1809.01876)]
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