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Dark matter exists... but where did it come from?
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Thermal Freezeout in the Early Universe

• After reheating, universe expands and
cools adiabatically,

Expansion rate: H ∝ T 2

Mpl

• Rapid collisions keep SM in equilibrium

• Thermodynamics dictates properties,

nrelativistic ∝ T 3, nmassive ∝ (mT )
3
2 e−

m
T

Reheating

For Dark Matter, χ (any state with approximate Z2):

• Falling nχ ⇒ Γ∆# = nχ 〈σv〉χχ̄→SM . H

• Number changing ceases, and χ departs chemical equilibrium
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WIMP Miracle
Dark matter freezeout gives observed relic dark matter abundance for

〈σv〉χχ̄→SM ≈ 1 pb·c

WIMP miracle:

〈σv〉χχ̄→SM ≈
α2

weak

Λ2
weak

≈ 1 pb·c
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Not enough DM

Equilibrium Density →

TeV scale mass and SU(2)L interaction can provide our dark matter!

Natural models like SUSY have perfect candidates (neutralino)!
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WIMP Schmiracle

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

No evidence of SUSY (or top partners or anything else)
SUSY WIMP parameter space remains, but outlook not great

Renormalizable minimal models are heavily constrained
Some territory remains, but not much for long

Perhaps the WIMP miracle is a red herring?
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WIMP Schmiracle

Dark Matter Z, Higgs Coupling Direct Status XENON1T Indirect (10�26 cm3/s)

Majorana Fermion �̄�µ�5�Zµ �SD ⇠ 1 m� ⇠ mZ/2 Yes �v ' small

or m� >⇠ 190 GeV Up to 440 GeV �v ' 2.1� 2.3

Dirac Fermion �̄�µ�Zµ �SI ⇠ 1 m� >⇠ 6 TeV Yes �v ' 2.1� 2.3

Dirac Fermion �̄�µ�5�Zµ �SD ⇠ 1 m� ⇠ mZ/2 Yes �v ' small

or m� >⇠ 240 GeV Up to 570 GeV �v ' 2.1� 2.3

Complex Scalar �† $
@µ�Zµ, �2ZµZµ �SI ⇠ 1 Excluded – –

Complex Vector (X†
⌫@µX⌫ + h.c.)Zµ �SI ⇠ 1 Excluded – –

Majorana Fermion �̄�H �SI ⇠ 1 m� ⇠ mH/2 Yes �v ' small

Majorana Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 54 GeV No �v ' 0.0011� 3.4

Dirac Fermion �̄�H �SI ⇠ 1 m� ⇠ mH/2 Yes �v ' small

Dirac Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 56 GeV No �v ' 0.0012� 1.7

Real Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.019

or m� >⇠ 400 GeV Up to 5 TeV �v ' 2.1� 2.3

Complex Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0019� 0.017

or m� >⇠ 840 GeV Up to 10 TeV �v ' 2.1� 2.3

Real Vector XµXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0018� 0.022

or m� >⇠ 1160 GeV Up to 15 TeV �v ' 2.1� 2.3

Complex Vector X†
µXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.0064

or m� >⇠ 2200 GeV Yes �v ' 2.1� 2.3

Table 1. A summary of the various classes of dark matter models that we have considered in this
study. For each case, we list (in the column labeled “Status”) the range of masses (if any) that is not
currently excluded experimentally. For those cases which are not already excluded, we state whether
XENON1T is anticipated to be sensitive to that model. We also present the range of low-velocity
annihilation cross sections that can be found in each case for masses within the currently acceptable
range.

5 Summary and Conclusions

In this study, we have systematically considered dark matter models which annihilate through
couplings to the Standard Model Z or Higgs boson. Overall, we find that the vast majority
of the parameter space associated with these models is ruled out by a combination of direct
detection experiments (LUX, PandaX-II, etc.) and measurements at colliders of the invisible
Z and Higgs widths. If no detection is made, we expect experiments such as XENON1T
to entirely rule out all remaining Z mediated models in the near future, with the exception
of fermionic dark matter heavier than ⇠500 GeV and with primarily axial couplings. Such
experiments are also expected to test all remaining Higgs mediated models, with the exception
of scalar or vector dark matter with masses very near the Higgs annihilation resonance
(mDM ' mH/2) or fermionic dark matter with a pseudoscalar (CP violating) coupling to the
Standard Model Higgs boson. Very heavy dark matter with a large Higgs portal coupling
(��H , �XH � 1) may also be beyond the reach of XENON1T, although LUX-ZEPLIN and
other planned experiments will be able to probe such models.

In Table 1, we summarize the various classes of dark matter models that we have
considered in this study, listing in each case the range of masses (if any) that is not currently
excluded experimentally. For those cases that are not already excluded, we list whether
XENON1T is expected to have the sensitivity required to test each class of model. We also
present the range of low-velocity annihilation cross sections that can be found within the
currently acceptable mass range. For those models with roughly �v >⇠ 3 ⇥ 10�27 cm3/s
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present the range of low-velocity annihilation cross sections that can be found within the
currently acceptable mass range. For those models with roughly �v >⇠ 3 ⇥ 10�27 cm3/s

– 15 –

Escudero, Berlin, Hooper, Lin – 2016

No evidence of SUSY (or top partners or anything else)
SUSY WIMP parameter space remains, but outlook not great

Renormalizable minimal models are heavily constrained
Some territory remains, but not much for long

Perhaps the WIMP miracle is a red herring?
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WIMPless Freezeout
Minimal idea – keep thermal freezeout, lose the weak scale

The WIMP next door: one step more complex than standard WIMP

Hidden sector freezeout χχ̄→ VV/φφ

Dark Matter Mediator Interaction Portal
Dirac χ Vector V gDVµχ̄γµχ εBµνVµν

Majorana χ Scalar φ yDφχχ ε |φ|2 H†H

............. ........ .......... ............ .............. ................ .................. ....................

....... ......................
ε thermalizes

with SM &
dumps entropy

back to SM

..................................................................................................................................................

................. .................
gD, yD sets

relic abundance

mχ > mV ,mφ

Pospelov, Ritz, Voloshin – 07; Feng, Kumar – 08; Feng, Tu, Yu – 08; ...; JAE, Gori, Shelton – 17
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Thermalizing a Hidden Sector

Minimal Hidden Sector Vector Model (ε� 1):
LZD = gDZD,µχ̄γ

µχ+
1
2

m2
ZD

Zµ
D ZDµ + mχχ̄χ+

ε

2 cos θ
ZDµνBµν

Free parameters: mχ, mZD , ε, gD ← fixed by relic abundance
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Thermalizing a Hidden Sector
Consider two objects with temperatures T and T̃

T
T̃0 � T

heat capacity: ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ............. ........
.......... ............

..............
................

..................

..................... .......

Thermal conductance: k

How long until T̃ ≈ T ?
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Thermalizing a Hidden Sector
Consider two sectors with temperatures T and T̃

T
T̃0 � T

heat capacity: g∗,sm
g∗,hs

ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ttttttttttttttttttttttttttttttttttttttttt ............. ........
.......... ............

..............
................

..................

..................... .......

Thermal conductance: k

T is cooling due to Hubble

Will T̃ ≈ T before some Tf ?

What ε is needed for T̃ ≈ T = Tf ?
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Thermalizing a Hidden Sector
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Life Below the Equilibration Floor
Consider two sectors with temperatures T and T̃

T
T̃ � T

heat capacity: g∗,sm
g∗,hs

ttttttttttttttttttttttttttttttttttttttttt ............. ........
.......... ............

..............
................

..................

..................... .......

T is cooling due to Hubble

Portal coupling: ε < εeq

T̃ 6= T

Does a dark matter hidden sector
freezeout solution exist at all?

Some energy “leaks in” from SM
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A Toy Leak-in Model
(T̃ � T )

˙̃ρ+ 4Hρ̃ = −CE [ρ, ρ̃]

ρ̇+ 4Hρ = CE [ρ, ρ̃]

H ≈ c′3

√
ρ

Mpl
= c3

T 2

Mpl

ρ = c1g∗T 4 = SM energy density

ρ̃ = c1g̃∗T̃ 4 = HS energy density

CE ≡ c2ε
2T 5 = energy transfer rate

d
dt ≈ −TH d

dT (from S conservation)

dT̃ 4

dt
≈ −ε2T 5 ⇒ dT̃

dT
T̃ 3 ≈ ε2MplT 2

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqq qqqqqqq qqqqqqq qqqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq qqqqqqqqqq qqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqqq

T̃ ∝ M1/4
pl ε1/2T 3/4

This temperature evolution is generic to the leak-in mechanism
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A Toy Leak-in Model
(T̃ � T )

T̃ ∝ M1/4
pl ε1/2T 3/4

A few major consequences:

• ρ̃ ∝ T̃ 4 ∝ T 3Mpl ⇐ energy density redshifts like matter!

• T̃ =
(

ε
εcrit

)1/2
T

• ñ ≈ m2

2π2 T̃K2

(
m
T̃

)
⇒

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqq
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(a0) = T(a0)/3

2

HS: T
˜
(a0) = T(a0)/3

3

HS: Fixed point
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ñχ has strange scaling
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Dark Matter Densities Below the Equilibration Floor
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Dark Matter Densities Below the Equilibration Floor

10-4 0.001 0.010 0.100 1 10 100
10-17

10-14

10-11

10-8

10-5

10-2

x = m/T

C
om
ov
in
g
N
um
be
r
D
en
si
ty

m = 1 TeV; -Log10[ϵ] = 8 9 10 11 12 13

R
elic

D
ensity

→

Equilibrated Sector

T̃ ∼ mDM/(2− 3)

T ∼ 3 TeV

T ∼ 50 TeV

T ∼ 2 PeV

.............

............................

.............

............................

.............

............................

Never reach a density for right relic abundance!

............................................................

................

.

................

....

................

......

................

........

..............................

smaller ε⇒ smaller 〈σv〉

qqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqqqqqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqq qqqqqq
qqqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqq

q qqqqqq qqqqqq qqqqqq qqqqqq qqqqqq
qqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqq

q qqqqqq qqqqqq qqqqqq qqqqqq qqqqqq
qqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqq

qqqqqqqqqq qqqqqqq qqqqqq qqqqqq qqqqqq qqqqqq
to depart from

leak-in quasi-static
solution earlier

Evans (Cincinnati) Leak-in Dark Matter Oct 6, 2018 13 / 15
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Life Below the Equilibration Floor
Vector Portal Model
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Summary

• Disclaimer: This talk is only a brief introduction to this rich subject

• The leak-in mechanism is simply how a cold sector gets populated

• Leak-in DM is freezeout during this non-adiabatic phase

• Leak-in DM is a simple, plausible origin for dark matter

• The vector portal model is very minimal and predictive

• Leak-in DM parameter space is bounded

• Direct / indirect detection probes parts of parameter space now!

• Also, interesting cosmological and astrophysical consequences

• A lot of opportunities for future experiments to access this sector
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