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Introduction
• After Higgs was discovered, particle contents seem to be complete.


• Unsolved: naturalness, dark matter (DM), etc


•

mh ⌧ MP
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Traditional sol: + sym, e.g. SUSY,

Higgs compositeness

@min: light new particles to be observed @ LHC?
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Alternative sol: via dynamics, e.g. 

cosmological relaxation of EW scale

Due to the null result @ LHC, this is an increasingly motivated scenario

[Graham, Kaplan, Rajendran (GKR), 1504.07551]

Attempts to resolve downsides of GKR: e.g. particle production (PP)

Efficient way of dissipating energy

Various applications: e.g. preheating in reheating
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Alternative sol: via dynamics, e.g. 

cosmological relaxation of EW scale

Due to the null result @ LHC, this is an increasingly motivated scenario

[Graham, Kaplan, Rajendran (GKR), 1504.07551]

Attempts to resolve downsides of GKR: e.g. particle production (PP)
Efficient way of dissipating energy

Various applications: e.g. preheating in reheating

A recent application: FP can support slow-roll inflation
[Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]

Bose enhancement

Pauli blocking usu. applications in fermion production (FP) quite limited 

However



Traditional slow-roll inflation

slope = Hubble friction
Potential has to be flat

FP supported slow-roll inflation
[Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]

Backreaction (BR) = slope >> Hubble friction

Can support steep potential

~0

�̈+ 3H�̇+ V�(�) = 0
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~0



Introduction

• Whether FP can be a dominant way of dissipating relaxion energy 
while maintaining the cutoff in a similar size to that of other variant 
models 


• Downsides of GKR gone 

• Phenomenology of this scenario: esp. if the fermion is BSM


•

Goals



GKR relaxation
• Relaxion: axion-like particle (ALP) whose periodic symmetry is 

softly and explicitly broken by a small coupling to Higgs (and 
also small self-coupling)


• Smallness of Higgs mass: cosmological evolution


•
Propto to Higgs vev <h>cutoff

small mass-dim coupling

EW unbroken -> EW broken

V (�) = (�⇤2 + ✏�)|h|2 + ⇤2✏�+ ⇤4
ccos

�

f 0

[Graham, Kaplan, Rajendran (GKR), 1504.07551]

Trapping:



GKR relaxation

• Long enough slow-roll s.t. relation can scan O(1) of its entire field range => 
lower bound on number of efolds


• Vac energy > change in the relation potential energy 

• Barriers w/in Hubble sphere 

• Classical > Quantum

Conditions

Slow-roll

Entire scan

H
�1

> ⇤�1
c
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�� ⇠ �̇�t ⇠ V
0

H

1

H
> H
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slow-roll Hubble time P.S. concerns regarding 
reheating



GKR relaxation

• QCD relaxion: O(f) shift of the local min of the QCD part => O(1) theta 
parameter! 

• Tiny coupling: e.g. g~10^-31 GeV for QCD relaxion 

• => exponentially large e-folds, super-Planckian excursion 

•

Problems

Sol: + add. mech.

�� � ⇤2/g2
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Sol: more efficient way of dissipating energy, e.g. 
particle production (PP) sourced by rolling relaxion

Inefficient energy dissipation (Hubble)!

e.g. rolling relaxion exponentially producing gauge bosons to lose energy
[Hook, Marques-Tavares (HMT), 1607.01786]requiring a specific, nontrivial UV FP-supported 

relaxation?



Models
• Assume a flat FRW background 


• Couple relaxion to fermion via derivative coupling


•

Fermion production

Massless fermion => free field => production should be off

If scanning starts in EW-sym phase, 

the produced fermion can’t be any SM fermion which is massless then.

The produced fermion 
must be BSM if scanning 
starts in EW-sym phase
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Number operator not well-defined in this basis due to the derivative coupling
[Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]

[Min, Son, Suh, 1808.00939]New basis



Models
Strong back reaction supported slow-roll

Strong production: adiabaticity stongly violated
speed large enough, or coupling strength large enough

Fermions with heavier (but not too heavy) masses can also be produced, 

but this simple expression for backreaction is no longer valid



Models
Strong backreaction (BR) supported slow-roll

Strong back reaction

Sizable relaxion speed <=> not-too-small linear slope
Not-too-small g

+
@µ�

f 
J5µ
 

Linear slope: driving force

BR: friction



Models

• Slow-roll: Hubble friction must be small enough s.t. the 
slow-roll is maintained by slope compensated by the 
back reaction


• Validity of EFT


• Hidden fermion energy density small enough

Constraints

⇢ ⇠ 16⇡2
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Models

• Relaxion kinetic energy < total energy


• Sufficient scanning, not-too-large efolding, sub-Planckian


•

Constraints

Automatically when



Models
• Classical rolling > quantum spreading


• Barriers within Hubble sphere


• Precision of scanning


• Temperature in the SM sector during scanning << v s.t. 
we’re not scanning the thermal Higgs mass (ensured 
during inflation) (and we don’t consider any fermion in a 
plasma to be produced by relaxion during scanning)

Constraints



Models
Combine upper bounds and lower bounds on fermion mass
Arrange all constraints in terms of bounds on fermion mass

Focus on ⇤ ⇠ 104⇠5 GeV
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Excluded regions for N_e ~ 100
Little hierarchy



Models
Forming periodic potential: model-dependent

Single extra scalar (relaxion)

2 extra scalars: double scanner

QCD relaxion: need extra mech. to solve strong CP,

barrier height fixed

non-QCD relaxion



A single non-QCD relaxion

New fermions >~ EW scale

Lighter fermion N responsible for forming condensate b/l confinement scale 

L
NN

<h> <h>



• For relaxation to work, h-independent contribution to the N mass must be 
subdominant


• N should be light enough compared to confinement scale


• EFT consistency: 

m_L ~ a few O(100) GeV
Constrained

Other constraints:

Higgs decay, EWPT etc

N NL

h

N N

<h>
<h>

< ⇡ >
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A single non-QCD relaxion



can be relaxed

Approx. for barckreawction invalid

GeV

(except Yukawa)

f ⌧ ⇤
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Generic; to be solved separately, e.g. via clockwork
even worse in [Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]

A single non-QCD relaxion



• Can the energy in the fermion sector be transferred to the (L,N)-
sector? 


• Yes! Fermions thermalize relaxions. Thermal relaxions thermalize 
non-Abelian gauge bosons in (L,N)-sector.


• Reheating temperature in (L,N)-sector may be high enough to erase 
the barriers! => 2nd rolling may ruin relaxation


• Very non-trivial constraints to prevent this to happen


•

Dark 
fermion (L, N)

relaxion

?

:(

:(

-> “Double scanner”

Assume: energy in the inflaton sector is smaller comparable to that of 

the relaxion-psi-SM-strong sector when the latter is in thermal eq.

A single non-QCD relaxion



Double scanner

[Figures from 1506.09217]

Conditions need to be satisfied for the mech. to work…

Confinement scale ~ cutoff

Barriers won’t be erased 

[Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant, 1506.09217]

:)



GeV

(except

epsilon)

Double scanner



Prospect for Dark Matter

mixing w/ h, w/ mixing angle�
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can decay into hidden fermion before BBN✓�h
<latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit><latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit><latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit>

Relic abundances for scalars m� ⇠ O(100) GeV

m ⇠ KeV
<latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit><latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit><latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit>

Benchmark pt

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

h
SM

SM

 
<latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit>

 
<latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit>



Prospect for Dark Matter

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

If is turned on, decay into hidden fermion before BBN

If is turned off, only decay into SM fields vis h-mixing w/ small rate
Need to worry about 


its abundanceNon-thermal:

misalignment 

✓�h
<latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit><latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit><latexit sha1_base64="CeDGDWhdHcP69j8/+E7wzHvmoa8=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaEDbbSbN088HuRKihv8SLB0W8+lO8+W/ctjlo64OBx3szzMwLMik02va3tba+sbm1Xdmp7u7tH9Tqh0ddneaKQ4enMlX9gGmQIoEOCpTQzxSwOJDQC8a3M7/3CEqLNHnASQZezEaJCAVnaCS/XnMxAmR+4WaRoNHUrzfspj0HXSVOSRqkRNuvf7nDlOcxJMgl03rg2Bl6BVMouIRp1c01ZIyP2QgGhiYsBu0V88On9MwoQxqmylSCdK7+nihYrPUkDkxnzDDSy95M/M8b5Bhee4VIshwh4YtFYS4ppnSWAh0KBRzlxBDGlTC3Uh4xxTiarKomBGf55VXSvWg6dtO5v2y0bso4KuSEnJJz4pAr0iJ3pE06hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w/U3ZMv</latexit>

Relic abundances for scalars

m� ⇠ KeV for our benchmark pt
<latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit><latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit><latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit>

m� ⇠ O(100) GeV

m ⇠ KeV
<latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit><latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit><latexit sha1_base64="jMdGZiu5smGilONjQXeup44wij4="></latexit>

Benchmark pt

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

h

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

h
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<latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit><latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit><latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit>



Prospect for Dark Matter

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

If is on, decay into hidden fermion before BBN
If is off, only decay into SM fields vis h-mixing w/ small rate

Need to worry about 

its abundance

Thermal:

decoupled while relativistic

Relic abundances for scalars

m� ⇠ KeV for our benchmark pt
<latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit><latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit><latexit sha1_base64="XlgEsRV10rygtI9vN+YjI+IvXx0=">AAACFnicbVA9SwNBEN3zM8avqKXNYhBsDHc2WgZtBJsI5gOSI+xt5pIlu3fH7pwYjvwKG/+KjYUitmLnv3GTXKGJrxgeb2aYeS9IpDDout/O0vLK6tp6YaO4ubW9s1va22+YONUc6jyWsW4FzIAUEdRRoIRWooGpQEIzGF5N+s170EbE0R2OEvAV60ciFJyhlbqlU9XtGNFXzFZFOwgPmNEbaNAw1tQeoQFEfKCYHtIEx91S2a24U9BF4uWkTHLUuqWvTi/mqYIIuWTGtD03QT9jGgWXMC52UgMJ40PWh7alEVNg/Gxqa0yPrdKbPhLGEdKp+nsjY8qYkQrspGI4MPO9ifhfr51ieOFnIkpStO5mh8JUUozpJCPaExo4ypEljGthf6V8wDTjaJMs2hC8ecuLpHFW8dyKd+uWq5d5HAVySI7ICfHIOamSa1IjdcLJI3kmr+TNeXJenHfnYza65OQ7B+QPnM8fIWWfUg==</latexit> 

<latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit>

 
<latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit><latexit sha1_base64="17uENeVNbGzAf0rC1EQQVr4Zn7Q=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOplxjer9b8uj8HWSVBQWpQoNmvfvUGMUslKssENaYb+IkNM6otZwJnlV5qMKFsQkfYdVRRiSbM5rfOyJlTBmQYa1fKkrn6eyKj0pipjFynpHZslr1c/M/rpnZ4HWZcJalFxRaLhqkgNib542TANTIrpo5Qprm7lbAx1ZRZF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFDMbwDK/w5knvxXv3PhatJa+YOYY/8D5/ACQ/jko=</latexit>

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>
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<latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit><latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit><latexit sha1_base64="15HzgZ9VKWmUGjb0kula1Psuh04="></latexit>

T0 ⇠ O(10�13) GeV
<latexit sha1_base64="RJ4xpXyM+s90VqgVA079B8Za2PE=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiDGg2FGBT0GPejNCNkgE0NPp5I06VnorhHDkE/w4q948aCIV4/e/Bs7y0GjDwoe71VRVc+LpNBo219Wam5+YXEpvZxZWV1b38hublV1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/NodKC3CoIyDCJo+6waiIzhDI7Wy++WW7WrhU9dn2ONM0uu8Y98mh87x8MBFuMeEXkJ12Mrm7II9Bv1LnCnJkSlKreyn2w557EOAXDKtG44dYTNhCgWXMMy4sYaI8T7rQsPQgPmgm8n4oSHdM0qbdkJlKkA6Vn9OJMzXeuB7pnN0tp71RuJ/XiPGzlkzEUEUIwR8sqgTS4ohHaVD20IBRzkwhHElzK2U95hiHE2GGROCM/vyX1I9Kjh2wbk5yRXPp3GkyQ7ZJXnikFNSJFekRCqEkwfyRF7Iq/VoPVtv1vukNWVNZ7bJL1gf3wk+m1I=</latexit><latexit sha1_base64="RJ4xpXyM+s90VqgVA079B8Za2PE=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiDGg2FGBT0GPejNCNkgE0NPp5I06VnorhHDkE/w4q948aCIV4/e/Bs7y0GjDwoe71VRVc+LpNBo219Wam5+YXEpvZxZWV1b38hublV1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/NodKC3CoIyDCJo+6waiIzhDI7Wy++WW7WrhU9dn2ONM0uu8Y98mh87x8MBFuMeEXkJ12Mrm7II9Bv1LnCnJkSlKreyn2w557EOAXDKtG44dYTNhCgWXMMy4sYaI8T7rQsPQgPmgm8n4oSHdM0qbdkJlKkA6Vn9OJMzXeuB7pnN0tp71RuJ/XiPGzlkzEUEUIwR8sqgTS4ohHaVD20IBRzkwhHElzK2U95hiHE2GGROCM/vyX1I9Kjh2wbk5yRXPp3GkyQ7ZJXnikFNSJFekRCqEkwfyRF7Iq/VoPVtv1vukNWVNZ7bJL1gf3wk+m1I=</latexit><latexit sha1_base64="RJ4xpXyM+s90VqgVA079B8Za2PE=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiDGg2FGBT0GPejNCNkgE0NPp5I06VnorhHDkE/w4q948aCIV4/e/Bs7y0GjDwoe71VRVc+LpNBo219Wam5+YXEpvZxZWV1b38hublV1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/NodKC3CoIyDCJo+6waiIzhDI7Wy++WW7WrhU9dn2ONM0uu8Y98mh87x8MBFuMeEXkJ12Mrm7II9Bv1LnCnJkSlKreyn2w557EOAXDKtG44dYTNhCgWXMMy4sYaI8T7rQsPQgPmgm8n4oSHdM0qbdkJlKkA6Vn9OJMzXeuB7pnN0tp71RuJ/XiPGzlkzEUEUIwR8sqgTS4ohHaVD20IBRzkwhHElzK2U95hiHE2GGROCM/vyX1I9Kjh2wbk5yRXPp3GkyQ7ZJXnikFNSJFekRCqEkwfyRF7Iq/VoPVtv1vukNWVNZ7bJL1gf3wk+m1I=</latexit>

⌦�
0 ⇠ m� T

3
0 g⇤S(T0)/⇢C g⇤S(Td)

More precise calculation:

Td ⇠ 10�4GeV � m� ~ O(10) Over!



Prospect for Dark Matter

�
<latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit><latexit sha1_base64="WVBNru380J4XCjCR9Lt9t8h8e1I=">AAAB7XicbVDLSgNBEOyNrxhfqx69DAbBU9gVQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHfFKWfGBsG3V1pb39jcKm9Xdnb39g/8w6OWUZkmtEkUV7oTY0M5k7RpmeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZNaPcOGAvf9alAL5kCrJCxIFQo0+v5Xb6BIJqi0hGNjumGQ2ijH2jLC6bTSywxNMRnjIe06KrGgJsrn107RmVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY6GjBNieUTRzDRzN2KyAhrTKwLqOJCCJdfXiWti1oY1ML7y2r9poijDCdwCucQwhXU4Q4a0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/wPn8AnF+PIw==</latexit>

If is on, decay into hidden fermion before BBN
If is off, only decay into SM fields vis h-mixing w/ small rate

Need to worry about 

its abundance

Thermal:

Relic abundances for scalars

m� ⇠ KeV for our benchmark pt
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T0 ⇠ O(10�13) GeV
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Non-universal coupling:

f ! f� = ⇤ � f Td ⇠ O(101�2)GeV

⌦�
0 ⇠ m� T

3
0 g⇤S(T0)/⇢C g⇤S(Td) ~ O(1)

Entropy dilution

decoupled while relativistic



Prospect for Dark Matter
Relic abundances for the fermion

Hidden fermion decouples @ T ~ O(100) GeV

(not able to produce relaxion on shell => 2-step stops to be valid;


chain process not in thermal equilibrium)

Hidden fermion decouples while highly relativistic

m� ⇠ O(100) GeV

m ⇠ KeV
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Benchmark pt:

Thermal Warm Dark Matter (WDM)?

alpha-Lyman:

~ O(0.1)



Summary
• Achieved cosmological relaxation with back reaction from 

hidden fermion production 

• Downsides of GKR all gone


• The models require a relatively strong coupling between the 
relaxion and the hidden fermion => seemingly EFT  
inconsistency? Explained by clockwork etc? 


• Possible thermalization b/t produced fermions and relaxion even 
during inflation. Double scanner: thermalized relaxion can’t 
thermalize the visible sector during inflation.


• Thank you!



Backup



Introduction: particle 
production

• Particle production is an efficient way of dissipating 
energy


• Various applications in pheno and cosmology


• Exponentially producing bosons: example in reheating:  
preheating



Traditional slow-roll inflation

slope = Hubble friction

H friction

Driving force: 
slope

Slow-roll Reheat

Potential has to be flat



FP supported slow-roll inflation

Backreaction (BR) = slope >> Hubble friction

BR: friction

Driving force: 
slope

[Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]

Slow-roll Reheat

Can support steep potential



Introduction: relaxation

• Initial: relaxion has a very large field value (s.t. positive Higgs mass-squared) and 
slowly rolls down from its potential


• Rolling of relaxion => scanning Higgs mass


• At some pt: Higgs mass = 0. After this pt, <h> starts to develop, height of the periodic 
barrier increases


• When the height of the barrier is enough to compensate the linear slope and trap the 
relaxion, <h> is set to the correct EW VEV v.

Propto to Higgs vev <h>cutoff
small mass-dim parameter By NP effect, QCD or non-QCD

Stopping condi: linear slope matches the barrier slope



Introduction: relaxation

• After relaxion stops rolling and reheating occurs, the 
reheating temperature must be low enough s.t. barriers 
don’t melt or the traveling distance of the 2nd rolling 
leads to a change in Higgs mass smaller than EW scale

Conditions



Introduction: relaxation

• QCD relaxion: O(f) shift of the local min of the QCD part 
=> O(1) theta parameter! => Sol: + additional mech. (e.g. 
a separate inflaton)

Problems

Near � ⇠ ⇤2/g,

�V ⇠ g⇤2�+ ⇤4
ccos(�/f)

⇠ ⇤4
c


�

f
+ cos

✓
�

f

◆�
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Introduction: particle 
production

• Exponentially producing bosons: example in relaxion 
models: tachyonic production of gauge bosons to stop 
relaxion


• v ⇠ �̇v/fV
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Tachyonic

producing


EW

gauge 

boson

indept. of h

Start:

EW-broken 


with very negative Higgs mass-square;

sufficient speed to pass min

Impose: tachyonic production starts at m ~ v 

Fixed barrier height; h-dependence in the cond. to trigger tachyonic production

Tachyonic production of gauge bosons when

[Hook, Marques-Tavares (HMT), 1607.01786]
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f
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Introduction: particle 
production

• Exponentially producing bosons: example in relaxion 
models: tachyonic production of gauge bosons to stop 
relaxion


• v ⇠ �̇v/fV
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Tachyonic

producing


EW

gauge 

boson

indept. of h

Start:

EW-broken phase with very negative Higgs mass-square,


relatively fast relaxion speed to pass min

Impose: tachyonic production starts at m ~ v 

Fixed barrier height; h-dependence in the cond. to trigger tachyonic production

Scan <h> => scan gauge boson mass m

Tachyonic production of gauge bosons exists when

[Hook, Marques-Tavares (HMT), 1607.01786]
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Tachyonic production quickly 

drains relaxion energy


and stabilizes it
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Introduction: particle 
production

• HMT solved problems in GKR. A specific UV needed.


• Cutoff in HMT: <~ 10^{4~5} GeV


• Tachyonic production is so strong that the slow-roll can’t 
really be maintained (“quasi-slow-roll”)


• Can we maintain slow-roll with particle production as 
the friction?

HMT



Introduction: particle 
production

• Fermion production?


• Can’t be exponential due to Pauli blocking


• But may be sufficient to support a (“steep-slope”) slow-
roll

Potential slope ~ fermion back reaction >> Hubble term

[Adshead, Pearce, Peloso, Robers, Sorbo, 1803.04501]



Introduction

• To maintain slow-roll


• To explain (little) hierarchy


• To use fermion production as the major friction


• No extremely small parameter


• To explore pheno. of such a scenario, eps. of the fermion 
produced by relaxion if it’s BSM

Goals

Inflaton: containing the most energy during inflation,

assumed to be a separate sector s.t. not too much

inflationary dynamics involved



Models

• One more problem: reheating temperature in the (L,N)-
sector can’t be too high


• Strong u/t-channel to make relaxion thermal 


•

A single non-QCD relaxion

Assume: 

inflaton energy dilutes faster than radiation after inflation


s.t. now the universe is radiation-dominated

if such interactions are in eq.

For T � m�, m ,
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Double-scanner
Constraints

Relaxion trapped when 

A ⇠ ✏⇤2h2
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slope condi.

IV: Sigma keeps moving until it finds its min Eventually
Sigma mass given by its self polynomial interaction

II: relaxion needs to scan before reaching the critical pt.

III: Relaxion exits the trajectory (periodic slope << linear slope)

to evolve along the path where A grows as h grows

I: sigma rolling, relaxion trapped

A ⇠ 0
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Double-scanner
Constraints

Periodic potential contribution to h mass-squared < v^2

Dangerous corrections to the potential must be small
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B: relaxion

A: New fermion

C: SM

D: Strong dynamics 
to generate barriers

No thermal contact

with a low cutoff

with a high cutoff

Further analysis and 
questions

f ⌧ ⇤
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universal in strong-fermion-production-supported slow-roll models



Further analysis and 
questions

• Can thermal disconnection really be true in double scanner w/o 
new mech.?


• An interesting question:


•

Chain processes: double suppression -> rate enough (<H)
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Further analysis and 
questions

If this process is in thermal eq. when T > v (i.e. all particles are relativistic)
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Assume: 

inflaton energy dilutes faster than radiation after inflation


s.t. now the universe is radiation-dominated

contradicting w/ T > v This chain process is not in thermal eq.

An example of NDA analysis for a chain process



Further analysis and 
questions

2-step processes: single suppression in each step, allowing each rate > H
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2-step process seems to be able to make the hidden fermion and SM in eq.

Chain VS 2-step: seemingly inconsistency
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Further analysis and 
questions

A Chain Process VS N Processes



Further analysis and 
questions

• The 0th law in thermal dynamics


• But the pre-condition is, the intermediate state is “real”, 
i.e. stable enough


• If B can only be off-shell, or short-lived (compared to 
its interaction timescales with A/C), the 2-step 
analysis is incorrect

A B C
A <-> B, B <-> C


=>

A <->C 



Further analysis and 
questions

• In our current double scanner model, T > O(100) GeV, the 
relaxion can be produced “on-shell” by the new fermion, 
and its lifetime is long enough compared to the 
timescales for the interactions with fermion and w/ Higgs. 
2-step analysis is correct. No thermal disconnection :(


• However, the idea of “thermal-disconnection” may be 
applied to other models :)


• Similar problems exist in e.g. Higgs portal models. But in 
those models only T < (mass of intermediate particle) is 
interested s.t. the 2-step analysis is invalid.



Effective temperature of 
decoupled particles

• The momentum space distribution function after freezing-
out


• A particle species decoupled while highly relativistic


• A particle species decoupled while highly non-relativistic

f(~p, t) =


exp
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µeff = m+ (µd �m)
Teff
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Teff ⇠ Td

⇣ad
a
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Pros Cons

GKR Start w/ EW-sym phase
Extremely small parameter,


extremely large number of efolds,

super-Planckian field excursion

HMT
No extremely small parameter,


moderate number of efolds,

sub-Planckian field excursion

specific UV needed

Ours

No extremely small parameter,

moderate number of efolds,


sub-Planckian field excursion,

start w/ EW-sym phase

EFT consistency issue (new mech 
needed)



Introduction: relaxation

• Tiny coupling: e.g. g~ 10^-31 GeV for QCD relaxion


• => severe fine-tuning, exponentially large number of 
efolds, super-Planckian field excursion


• A free periodic scalar w/ period f has gravitational instantons S ~ M_P/f
non-negligible NP effects if f >= M_P

Whether this applies to interacting scalars: open question

Contradicting with some gravity argument

Problems

�� � ⇤2/g2
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Monodromy induced 
potential

not dynamic

Dirac quantization of a gauge field

consistency condi.



GKR’s relaxion models

• Sol: e.g. + separate inflaton, or consider non- 
QCD relaxion


•



Thermal WDM
Significant difference b/t our fermion WDM and standard neutrino WDM

Ours: thermal WDM, stable

Neutrino WDM: can decay

maybe detectable from X-ray observations
e.g.


