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Better Constraining Hidden Sectors in Cosmology

Impact on early universe generically constrains hidden sectors:

In�ation

https://cmb.wintherscoming.no

Phase Transitions

Figure 5: Portions of slices through a three-dimensional field-fluid simulation, with hotter
colours indicating relatively higher fluid kinetic energies. Here αT∗ ≈ 0.01 and vw ≈ 0.68.
The slice at left shows mostly uncollided bubbles, while the slice at right is from long after
the bubbles have collided.

spatial parts of their stress energy tensors,

τφij = ∂iφ∂jφ; τ f
ij = wuiuj. (17)

The largest three-dimensional lattice simulations of the system performed to date use lattices
with side lengths of 4200 sites. The smallest physically resolvable scales are of the order of
the spacing between sites, while the largest are comparable to the size of the lattice itself.
This means that there can only be at most two or three orders of magnitude between the
bubble wall thickness and the bubble radius. Hence the gravitational wave power sourced
by τφij will be orders of magnitude larger than it should be, relative to that sourced by τ f

ij.

When extrapolating from the results of numerical simulations, then, τφij is not included as a
source of gravitational waves.

For further details about simulating the system of equations (15-16), see Refs. [53–55]
(spherically symmetric simulations) and Refs. [56–59] (in three separate spatial dimensions).
Portions of a slice through some of the latest three-dimensional simulations are shown in
Fig. 5.

5 Gravitational wave production processes

Based on the simulation results described in the previous section and additional analytical
calculations and modelling, we can now present some ansätze for the resulting gravitational
wave power spectrum. We follow the discussion in Ref. [2], updated to incorporate recent
results [59].

The production of gravitational waves at a first-order phase transition can be separated
into three stages.

• The first is the initial collision of the scalar field shells, which is of limited duration
and generally subdominant unless the fluid efficiency is low or the system undergoes a
vacuum transition in the absence of a thermal plasma. The gravitational wave power
spectrum sourced by this stage is often denoted Ωenv.
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E�ective Field Theories: Good But Not Perferct

EFTs �ne for heavy
new physics (NP)

EFTs, simpli�ed
models for light NP
useful but simplistic

Need more
model-indep. tools
for �nite T , �nite H,
etc.
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Figure 4-7. The landscape of dark matter candidates [from T. Tait].

Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of
possible masses and interaction cross sections.

Community Planning Study: Snowmass 2013

Made by T. Tait, see arXiv:1401.6085
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Model-dependence enters in many ways

1 SM ↔ hidden Interaction Rates

Exchanging energy, conserved charges with hidden sectors
(e.g. Leptogenesis, Dark Matter production)

Equilibration between SM + hidden sectors

Particle physics searches

2

3
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Model-dependence enters in many ways
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Small Portal Couplings Ensure Factorization
See arXiv:2203.02229

Most general SM extension:

L = LSM + Lhidden + ϵAdB
d

Ad = SM operator / Bd = hidden operator / ϵ = coupling / d ≥ 4 allowed

Small ϵ:

Γ (SM → SM' + hidden) ∝ ϵ2MdM
†
eJ

de +O
(
ϵ3
)

J
de =

∑

↑
Indistinguishable �nal states

J
d
J
e†

M = reduced matrix elements (SM only, model-independent)

J = hidden currents (hidden only, signature-independent)

1 Simpli�es adapting rates to new models, observables

2 With portal EFTs: Model-independent constraints
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Portal E�ective Theory Framework
See arXiv:2105.06477

CP3-21-. . .

SMEFT, HEFT, LEFT,
NRQCD, HQET, χPT, . . .

EFT fields and symmetries

0 , 1/2 , 1 , 3/2 , 2
si , ξj , v

µ
k , ξ

µ
l , tµνm

Messenger fields
Additional fields not directly
interacting with the SM

Secluded fields

Ohidden
m

Hidden operators

OSM
n

SM operators

Oportal
nm = OSM

n Ohidden
m

Portal operators

Jportal
n =

∑
mO

portal
nm

Portal currents

Hidden sector with light NPSM and heavy NP

PET framework

We constructed Portal SMEFTs, LEFTs, and ChPTs with all leading
�avour conserving, violating operators
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Example computation: K+ → ℓ+ + hidden Decays

Relevant portal interactions (see arXiv:2105.06477):

Lportal ⊃ v ν Bν +
Vus

v2
(s†σµu)(B

†
ℓσ

µℓ)
︸ ︷︷ ︸

n=2 portal operators

⇒
Two portal vertices

(Missing mass q2)

Compute Mℓ / Mν ⇒ Master decay rate:

d

dxq

Γ (K+ → ℓ+ + NP)

Γ (K+ → ℓ+ + ν)
=

ρ(xq)

ρ(0)

1

2πxq
trD

{
/qJ

ℓℓ − 2Re vJℓν +
/q

q2
v2Jνν

}

︸ ︷︷ ︸
=

F (xq )

2π

ρ(xq) is phase-space factor
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=
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ρ(xq) is phase-space factor

Use constraints on F (xq) to compare and contrast di�erent models!
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Application to cosmology: Freeze-in processes

Hidden Particle Production via decay of SM particle:

ėh + 3H(eh + ph) =

〈
1

γ

〉
nSM ×

m∫

0

dq0
dΓ (SM → SM' + NP)

dq0

γ = k0/mSM gamma factor / nSM SM particle number density / Γ factorizes

Two caveats:

Have to �x hidden sector equation of state (coupling to gravity)
⇒ Further model dependence

Hidden particle decay, inverse decay, scattering processes often
important as well

More work needed!
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Summary and Outlook

Many hidden sectors can impact cosmology, but deriving
model-independent constraints is challenging

Hidden Particle Production Rates Factorize:

Γ (SM → SM' + hidden) ∝ ϵ2MdM
†
eJ

de +O
(
ϵ3
)

Simpli�es adapting rates to new models, observables

Simpli�es joining cosmology to experiment

With portal EFTs: Model independent constraints

Future work

Factorizing inverse decay / scattering / �nite temperature rates

Compute cosmology observables in terms of
factorized rates, equations of state, etc.
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Thank you for your attention!



Md , J
d are standard Feynman diagram sums

iMd = K





d

q = K − P 


P i Jd =
d

q





Q
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Re-interpreting a prior HNL search
(see arXiv:2005.09575)

General form factor structure:

F (x)

2π
=

∑

i

Aiδ(x − xi ) + B xi =
m2

i

m2
K

Resulting bounds:

ρ(xe , xi )Ai ≲ 7 · 10−11 ρ(xe , xq)B(xq) ≲ 2 · 10−4
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HNL Hidden Currents

Bd =
∑

i

cdiξi d = ν, ℓ

Jνν
β̇α

=
∑

i

c†νicνi
2ωi

(qµi σµ)β̇α2πδ(q0 − ωi )

Jℓνβα =
∑

i

c†ℓicνi
2ωi

miϵβα2πδ(q0 − ωi )

Jℓℓβα̇ =
∑

i

c†ℓicℓi
2ωi

(qµi σµ)βα̇2πδ(q0 − ωi )

Fℓ(xq)

2π
=

∑

i

U2
i Θ(q0)δ(x

2
q − x2i ) xi =

m2
i

m2
K

U2
i =

∣∣∣∣cℓi −
vcνi
mi

∣∣∣∣
2
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Strong Scale PETs: d = 6, 7 and |∆F | = 1 Portal
Operators

d Two quarks Quark dipole Four fermions

si

6
si sjsk dd si F

µνdσµνd

∂2si dd si G
µνdσµνd

si∂µsj d
†σµd

7

si sjsksl dd si d
†q†qd

si q
†σµqq†σµq

si d
†σµdqσµq

†

si e
†σµνu

†σµd
si ν

†σµνd
†σµd

ξa
h.c.

6
ξ†aσµ ed†σµu

ξ†aσµ νd†σµd
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