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A ‘standard’ model for VDM (abelian)

L = −1

4
Xµν X

µν +
∣∣DX

µ S
∣∣2 − V (H,S) ; DX

µ = ∂Xµ − i gX Xµ

V (H,S) = −µ2H |H|
2 + λH |H|4 − µ2S |S|

2 + λS |S|4 + λHS |H|2 |S|2

For non-abelian one needs a SU(2) fundamental scalar 0811.0172

• For λHS ∼ O(1)→WIMP (e.g., 1207.4272, 1212.2131, 1506.08805...)

• For λHS ∼ O(10−10)→ FIMP (e.g., 1710.00320)

What if we assume a Stueckleberg mass?

→ two sectors are decoupled (effective operator? JHEP12(2020)162

Bohdan Grzadkowski,Subhaditya Bhattacharya& BB)
→ gravity can still connect them!
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Non-minimal VDM(0802.2068,0809.1055,0809.2779,0810.4304,1007.1426...)

Action in Jordan frame:

S̃ =

∫
d4x

√
−g̃
[

1

2

(
M2
P − ξ X̃µX̃

µ

)
R̃+ L̃DM + L̃SM

]

L̃DM = −1

4
X̃µνX̃

µν +
1

2
m2
XX̃µX̃

µ︸ ︷︷ ︸
Stueckleberg

Conformal transformation:

gµν = ω2 g̃µν , ω =

√
1− ξ

M2
P

X̃µ X̃µ → 1− ξ

2M2
P

XµX
µ + O

(
M−4P

)
non-minimally coupled scalar DM: 1410.6436,1604.04701,1611.00725,1709.09688...

Action in Einstein frame (DM-SM interaction)

S =

∫
d4x
√
−g

[
M2
P R

2︸ ︷︷ ︸
Pure gravity

+

(DµH)†(DµH) + (LY − V (H)) + i f̄ γα ∂α f −
1

4
Fµν F

µν︸ ︷︷ ︸
SM

+

2ξ

M2
P

XαX
α (LY − V (H)) +

ξ

M2
P

XαX
α (DµH)†(DµH)

+
3i ξ

2M2
P

XαX
α f̄ γµ ∂µ f + ...

]
• Only pair-annihilation/production of DM
• 4-point interactions
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DM freeze-out

• BEQ:

ṅX + 3H nX = γ

= −〈σv〉
(
n2
X − n

2
Xeq

)

• Spin-independent
scattering:
σXNSI =
µ2
XN

πm2
X

[Zfp + (A− Z) fn]2 ; fq '

ξ mq/M2
P

• Tree-level unitarity:
√
s <

√
8π
ξ
MP

• ξ ∼ O(1030) satisfies relic+DD
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Non-minimal freeze-in

• DM reaction density:

γ ∝
ξ2 T 8

M4
P

• Assuming instantaneous
decay

YX (≡ nX/s) ∝ ξ2
(
T 3
rh − T

3
)

π7M3
P

• ξ & 105 → thermalization.
• CMB:HCMB

I ≤ 2.5× 10−5 MP

• Perturbativity:
√
s <

√
8π
ξ
MP

• WDM limitmX & 3.5 keV
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What if ξ = 0?

• Minimal DM production.
• Gravitational interaction:

L ⊃
1

2MP
hµν T

µν
DM

deviation from flat space:

gµν ' ηµν +
1

MP
hµν

• Reaction rate density
(2103.06896,2104.10699)

γ (T ) = α
T 8

MP

• Minimal DM yield

YX ∝ (Trh/MP )
3
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Conclusions

• Non-minimal coupling can provide viable VDM even in the
absence of Higgs portal.
• Simplest set-up with only TWO free parameters.
• ξfreeze-out � ξfreeze-in.
• For ξ = 0 the two sectors can still communicate via graviton
exchange.
• Minimal gravitational DM production is unavoidable.

¡Muchas gracias!
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Backup Slides
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Freeze-out annihilation cross-section

(σv)XX→SMSM '



4Ncm2
Xξ

2

M4
P π

√
1− x2

(
4− x2 − 3x4

)
+ O[v2]

δV ξ
2

144πm2
X

(
g2vd
cwMP

)4√
1− x2

(
1 + 2x2 + 3x4

)
+ O[v2]

ξ2m2
X

9πM4
P

√
1− x2

(
1 + 2x4

)
+ O[v2]

(σv)total ∼ A
ξ2m2

X

M4
P

(
1 + C

M4
P

m4
X

)
=⇒ ΩXh

2 ∼ 1

(σv)total
∼ m2

XM
4
P /
(
A ξ2

[
m4
X + BM4

P

])
A =

(
16Nc
π + 1

9π

)
, C = B/A with B = δv

144π

(
g2 vd
cwMP

)4
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decoupling limit(follwoing JHEP12(2020)162)

v2s = m2
2/2λS +

λSM − λH
λS

v2h

λ2SH = 4λS

[
λH −

λSMm
2
2

m2
2 + 2(λSM − λH)v2h

]
= 4λS(λH − λSM ) +O

(
1

m2
2

)
sin 2α = −2

√
2(λH − λSM )

vh

m2
+O

(
1

m3
2

)
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