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Abstract: <p>In this talk | will propose a new mechanism for thermal dark matter freezeout, termed Co-Decaying Dark Matter. Multi-component
dark sectors with degenerate particles and out-of-equilibrium decays can co-decay to obtain the observed relic density. The dark matter density is
exponentially depleted through the decay of nearly degenerate particles, rather than from Boltzmann suppression. The relic abundance is set by the
dark matter annihilation cross-section, which is predicted to be boosted, and the decay rate of the dark sector particles. Finally, I'll present a simple
model that realizes co-decaying dark matter. </p>
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Freezeout mechanism for decoupled DM with decay to SM
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Direct detection

@ Experimental overview Indirect detection

Collider searches
@ Co-decay basics
@ Compute relic density
@ Boltzmann equations
® Parameter space
® Effects of a mass splitting v
@ Explicit model PRSI
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Findina dark matter throuah all avenues
-

o To detect a WIMP:

Collider

p

\
O X SM
0
@
o
0
t
S X SM

\
. 7
Indirect detection

@ Direct detection: Tightest constraints
@ Indirect detection: Probes DM freezeout cross-section
@ Collider: Constrains motivation for WIMPs
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Direct detection

o Powerful limits at O(TeV)

o Naive WIMP models are getting ruled out
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Indirect detection

o Constraining if

o Low mass
o Velocity independent

o Sample limits recast from AMS-02 telescope data:
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Collider searches

~

o light DM
o spin-dependent

o mono-.X : My > 300 GeV ATLAS - 1604.07773

o Searches for additional particles: m; = 800 GeV
f 1606.03903

Where is . 7

o Only SM at LHC = less faith in WIMPs
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WIMP alrternatives

mechanism

o Recent interest in finding alternative mechanisms space

Secluded
ELDER

N\ thermal DM mechanisms

(o4 et
% Co-annihilation
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Setting the stage: WIMP freezeout

. m
o Classic thermal dark matter: T= =, Hpr =H(T),...
@ Chemical equilibrium with the SM
@ T < m DM becomes non-relativistic
® n #n when nlov) ~ H
m /f'
- : i
> < > _ < > —
Nf ~ / .~ H).’! _J( ! ”, ~ ”’ m
Yy
0”0 _ m”_lf“i oy (slmﬂm)
Pe Pec Sf auv ), Pe Sm

o Many variations driven by BoHzmann suppression
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Expanding dark sector content

o DM part of larger sector?

o Usually assume only lightest dark particle sets relic density
o Famous counter-example: co-annihilation

o Degeneracies — particles freezeout simultaneously

o eg.,

A B B SM

o Details change, but qualitatively similar to WIMP
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Tweaking co-annihilation
-

o What if annihilations to SM are small?

o Weak connection between dark sector to SM

o Can dominantly induce decay in dark sector to SM

o Thermal history dependent on size of I’

g B
/ )
)
)
"
| /
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Fast decay: I' » H,,

o Inverse decays are fast

o Keep dark sector in chemical equilibrium when non-relativistic

B B

o A remains in equilibrium until freezeout,
-3/2 —x

noCxr (&

o Qualitatively similar to co-annihilation

Experimental status Co-decay basics Parameter space Splitting Model

Pirsa: 16070062 Page 12/34



Slow decay: I' « H,,

o Inverse decays are too slow
o Decoupled from SM
o Nothing happens at 7" ~ m!

o At e 1t ~ 1 decay begins to deplete dark sector

o Depletion of dark sector with novel rate,
I’ 2

noce tt~ e "

o "Co-decayina Dark Matter”
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Qualitative overview

o Order of events:

@ Dark sector is decoupled from SM at early times
@ At T ~ m nothing happens
@ At ¢ !'' ~ 1 Bs reains decaying
@ As track Bs until AA — BB freezes out setting A relic density
® B decays indefinitely
Ly m 17 [ f

o Qm.(ov>. 1)
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R elic density

>

o Relic density equation same as WIMP:

.f'll' .‘ﬂ‘[) I,’,[[;”
0~ Bt
av)f \ Pc Sm

o s-wave: (ov) ~ g/Vi' <t—— 2" =m/T" (T #T")

/

52 - 'll_.'l \ ]"’ m ”’]]p”
o Pe Sm
. . /
o To compute relic density need =/ and 2
o Goal: track dark sector from 1, — 1
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Step 1: Find T

o Start by finding 7:
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Step 2: Find T7

>
o We now move onto 1;
o ForT" = m, DM is relativistic
o Non-relativistic DM redshifts
/ff m 1 ‘[ [ /
> < > < > <
T2 T
[~ 1 I" ~m—; T' ~ T} —5
m# Il'
o Therefore (T/1r = log(...))
/ 2
vy ~ x%log(...)
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Step 2: Find dark temperature (with cann)

o What if we have cannibalization (4 — 2 and/or 3 — 2)?
A B
A B
A A .
B B
A A

o Number changing processes stop dark sector from cooling

Iy m Iy Iy
> 4 ) 4 ) 4

1/ e ] I \')

"~ I" ~ mlog(...) e T,j"

~ l. :[—‘.2

o Therefore (T/1t = log(...)): :

.i"’; ~ log(...) log(...
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R elic density

o We conclude:

o Without cannibalization: =" ~ =%, rf ~

o With cannibalization: +/, ~ log(...), 7/ ~

o Careful analysis gives (recall Qo \:’,a)

( m 1018
(27 ( 1036 ) » (G(‘\-") (I‘]gm) (w/o canb)

- o /cm? - 10717 2
| ( f” ) ( - ) (w canb)
[ \GeV [I'p/m

o For WIMP: Q = Qpys for o ~ 107°% ecm?
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BoHzmann equations

>

o Solving Boltzmann equations is straightforward

o Equations | expect you to forget:

l/N\ . ) 9
' 3Hn 4 ov)(ny —ny)

/r//

AnA+B _ \ :

3Hna+p (I'p)rnpg I'B)rng')

/ (i

ApA+B . :
I SH(parp + Payrp) ml' g (ng Ny )
(

Am \ . “ ‘.._l
o I'p)p=mlp <L13 >,1.

o Large xr = DM dominate the universe

| d d
o To solve equations need to convert > —
dt d’l
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Non-conservation of entropy

o Convert between t < T

d da d d1 d
—_— = ——=qH —
dt dt da da dT

o Usual case: use conservation of entropy:

I(sa’ T T 00, §
disa’) _ g — L _ T (yp o Y
da da a 'l

# 0)

o Here entropy is NnOt conserved:

d(sa®) 1dQ  1d(p'a®) mI‘H( ‘Ha?
da Tda T da T HT np — Ny )a

o Small effect in practice
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Money plot

>

o Solving the Boltzmann equations for no cannibalization:
oY, =n;/s
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Where can co-decay take place”?

o Co-decay is constrained on several fronts
o Constrains (m.I', o) plane
o Can use relic density constraint to map onto (m.I).

o Focus on case without cannibalization for simplicity

Q4 [ 107°° (m) 107 1%
Qpy - \o/ecm? ) \ GeV/ \I'p/m

o Constraint gives,

o Use

I
a x
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Get out of equilirrium!

|
o Need 1 ~ _ > 1 to co-decay
VT /H,,

o DM must not rethermalize with SM

o Safer condition, 21 = 5

I'g |GeV]

m|[GeV]
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BEN

>

o Energy injections to the SM after BBN constrained by N,

1601.07557

2.5 < Nes < 3.5

o Rough bound: I' = H,,,

I'g|GeV]

m|[GeV]
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Unitarity

>

o Unitarity during freezeout constrains o
jriest and Ka PRL 64 615 (1990)
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Indirect detection

>

o Indirect detection are powerful constraints on the parameter space

1309.4001

o Recast limits for e™e™ or ny  Feie o o 109809
o Gap in 4 limits due thresholds in recasts
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Summary of parameter space

o Summary of both constraints:

Z Z e <
= = N
\
. P , | \
1 | 2N |
BBN P Vo w N e \ BBN
e | e o N
m|[GeV] m|GeV]

o Indirect detection is a powerful probe in either case, but model

dependent
o Lots of open parameter space
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When is my really equal to mp?
-

o Assumed m4 = mp
o Natural if there is some symmetry protecting it
o Often broken by loop corrections (~ %)

o What if there is a small splitting?

A

v

o RECALL: annikilations ocecur at T’ « m!
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ma > Mg

o AA — BB allowed at T" = 0
o Small splitting:

vra!

2

—

OUV)ma>mp = OUV)ma=mp

o Large splitting freezeout is a two step process:

1, m A iy mpg

- Sl L —

AA = BB AA—- BB B — SMSM

o Entropy dump dilutes A relic abundance
Pappadog Ruderman, and T: 1602.04219
| 1607.03108
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ma < mp

o AA — BB forbidden T" = 0

o Annihilations proceed off tail of exponential distribution,

PRD 43 3191 (1991)
1505.07107

= / higher T
/ smaller 7" %
" \‘H-H__
‘1‘ !
/ e\ . —2A7 A _ MA—NB
\OV)aA-BB ! , A=
A
o Novel form of forbidden DM
O Future StUdy AD, Kuflik, and Ng - to appear
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Model

>

o So far focused on generic sector with As and Bs
o Can we build a complete model?

o Dark SU(2) gauge symmetry,

‘ b

— (W) F i)

. <
[\JI

o Dark Higgs doublet, ¢

| ,
L> DH(D;)DH(DD - 31 Y Djw — AD (‘F

o (®p) # 0 giving masses to Wp,Zp
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Custodial symmetry

>

o Theory has an accidental (global) custodial symmetry

)

o W; — (e7=%/?), W,

o No explicit breaking of symmetry (unlike SM custodial)
o To decay one of the particles, need to viclate sywvmetry

o Symmetry is broken by dim-6 operator,
l ; j
5 (2D, @) (2, D"®)
o Opens decay channel for Zp but not H']i):
Zn — Z'%%) — SM

o Zp is the "B particle”
o W is the "A particle”

-xperimental status _o-decay basics arameter space olitting
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Conclusion

>

o Null results on all frontiers should reduce faith in WIMPs
o Time to explore alternative freeze-out mechanisms
o Co-decay can deplete a dark sector while avoiding constraints

o {(ov) and I set relic density

o To do:

o Model space still largely unexplored
o Study forbidden regime
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