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e Rapid collisions keep SM in equilibrium

¢ Thermodynamics dictates properties,
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Nrelativistic X T°, Nmassive < (MT)2e™ T

For Dark Matter, x (any state with approximate Z5):
e Falling ny = Fagy =N (oV), s ,om S H

e Number changing ceases, and x departs chemical equilibrium
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Dark matter freezeout gives observed relic dark matter abundance for
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TeV scale mass and SU(2), interaction can provide our dark matter!

Leak-in Dark Matter



Dark matter freezeout gives observed relic dark matter abundance for
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TeV scale mass and SU(2), interaction can provide our dark matter!
Natural models like SUSY have perfect candidates (neutralino)!
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Summary of CMS SUSY Results* in SMS framework ICHEP 2014 ATLAS SUSY Searches' - 95% CL Lower Limits ATLAS Py

Mass scale ToV)

No evidence of SUSY (or top partners or anything else)

SUSY WIMP parameter space remains, but outlook not great
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Dark Matter Z, Higgs Coupling | Direct Status XENONIT Indirect (10726 cm?/s)
Majorana Fermion )?y“'y'stM Ogp ~ 1 my ~mz/2 Yes ov ~ small
or my 2 190 GeV | Up to 440 GeV ov~21-23
Dirac Fermion XX Zu og ~1 my 2 6 TeV Yes ov~21-23
Dirac Fermion )2’)"")'5)(Zu Ogp ~ 1 My~ mz/2 Yes ov ~ small
or my z 240 GeV | Up to 570 GeV ov~21-23
Complex Scalar OTO,LQZ“, ¢ZZ“Z}‘ ogg~1 Excluded - -
Complex Vector (Xlﬁ,‘X” +he)Z | oy ~1 Excluded - -
Real Scalar ¢*H? og ~1 my ~mpy /2 Maybe ov =~ 0.0012 — 0.019
or my 2 400 GeV Up to 5 TeV ov~21-23
Complex Scalar ¢*H? og ~ 1 My~ mp /2 Maybe ov ~0.0019 — 0.017
or my 2 840 GeV | Up to 10 TeV. ov~21-23

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
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Dark Matter Z, Higgs Coupling | Direct Status XENONIT Indirect (10726 cm?/s)
Majorana Fermion )?y“'y'stM Ogp ~ 1 my ~mz/2 Yes ov ~ small
or my 2 190 GeV | Up to 440 GeV ov~21-23
Dirac Fermion XX Zu og ~1 my 2 6 TeV Yes ov~21-23
Dirac Fermion )2’)"")'5)(Z“ Ogp ~ 1 My~ mz/2 Yes ov ~ small
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Complex Scalar OTO,LQZ“, ¢ZZ“Z“ ogg~1 Excluded - -
Complex Vector (Xj,ﬁ,‘X” +he)Z | oy ~1 Excluded - -
Real Scalar ¢*H? og ~1 my ~mpy /2 Maybe ov ~0.0012 — 0.019
or my 2 400 GeV Up to 5 TeV ov~21-23
Complex Scalar ¢*H? oy ~1 My~ mp /2 Maybe ov ~0.0019 — 0.017
or my 2 840 GeV | Up to 10 TeV. ov~21-23

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?



Minimal idea — keep thermal freezeout, lose the weak scale

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

Hidden sector freezeout xx — VV/¢o
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Minimal idea — keep thermal freezeout, lose the weak scale

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

Hidden sector freezeout xx — VV/¢o

Dark Matter | Mediator | Interaction Portal
Dirac x Vector V | gpV.uxvux | €eB* Vi
Majorana x | Scalar ¢ | ypoxx | €|olP HIH

m, > My, My

e thermalizes
dp, Yp sets with SM &

relic abundance dumps entropy
back to S

Pospelov, Ritz, Voloshin — 07; Feng, Kumar — 08; Feng, Tu, Yu — 08; ...; JAE, Gori, Shelton — 17
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Minimal Hidden Sector Vector Model (e <« 1):
_ 1 _ € y
L2, = 902 u X" X + 5Mz, Zb 2oy + XX + 5 o5 2D B
Free parameters: m,, mz,, ¢, gp < fixed by relic abundance
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Minimal Hidden Sector Vector Model (e <« 1):
1
= 902p, X" x + 2szZ Zpy + M XX+ 53—

Free parameters: m,, mz,. ¢, gp < fixed by relic abundance
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Consider two objects with temperatures T and T
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Consider two objects with temperatures T and T

Thermal conductance: k

/

How long until 7~ T?
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Consider two objects with temperatures T and T

Thermal conductance: k
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Will T ~ T before some T,?

T is cooling
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Consider two objects with temperatures T and T

Thermal conductance: k

/

Will T ~ T before some T,?

What k is needed for T to reach T:?

T is cooling
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Consider two sectors with temperatures T and T

Portal coupling: e

/

Will T ~ T before some T;?
What ¢ is needed for T~ T = T;?

T is cooling due to Hubble

Leak-in Dark Matter



1

107"
e r(T) < H(T)
107 (T T,Hx T?)
€107

1076

107 What happens below the floor?
1078

107°

10° 102 107 1 10 100 1000

T; (GeV)

Leak-in Dark Matter



1

107"
e r(T) < H(T)
107 (T T,Hx T?)
€107

1076

107 What happens below the floor?
1078

107°

10° 102 107 1 1000

T; (GeV)

Leak-in Dark Matter

10 100



Consider two sectors with temperatures T and T

Some energy “leaks in” from SM

Portal coupling: € < €eq

/

TAT

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

T is cooling due to Hubble
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(T<T

. N ) p = €19 T* = SM energy density
p+4Hp = —Celp, fl

p = c10. T* = HS energy density
p+4Hp = Ce 2y
-7} CEe = cx€?T° = energy transfer rate
VP T d

~ G My — =Sy My, 4 ~ —THZ (from S conservation)
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(T<T

. N ) p = €19 T* = SM energy density
p+4Hp = —Celp, fl N

p = c10. T* = HS energy density

p+4Hp = Ce 2y
-7} CEe = cx€?T° = energy transfer rate

oY _ T
A Cy— My~ =037, My 4 ~ —THZ (from S conservation)
dar* o5  dTa3 2

. M;I/461/2 T8/4

This temperature evolution is generic to the leak-in mechanism
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(T<T )
T o M;,/461/2 T3/4

A few major consequences:
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(T<T) )
T oc M/ 41278/

A few major consequences:
o jox T* o T3Mp, < energy density redshifts like matter!
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(T<T )
T oc M/ 41278/

A few major consequences:

o jox T* o T3Mp, < energy density redshifts like matter!
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(T<T )
F o M;,/461/2 T3/4

A few major consequences:

o jox T* o T3Mp, < energy density redshifts like matter!

G

foc T9/8e=m/T*  non-relativistic

Ao T9/4 relativistic

n, has strange scaling
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Comoving Number Density
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m = 1TeV; -Logsole] = 8 910 111213 |
Equilibrated Sector
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Never reach a density for right relic abundance!
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Comoving Number Density
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Vector Portal Model
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e Disclaimer: This talk is only a brief introduction to this rich subject
¢ The leak-in mechanism is simply how a cold sector gets populated
e Leak-in DM is freezeout during this non-adiabatic phase

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

e The vector portal model is very minimal and predictive

e Leak-in DM parameter space is bounded

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

o Also, interesting cosmological and astrophysical consequences

A lot of opportunities for future experiments to access this sector
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