Dark matter freeze-out beyond the
WIMP paradigm

Jan Heisig (RWTH Aachen University)
RWNTH

Institute for

Thearetical
Particle Physics
and Cosmology

November 22,2017
Theory Seminar/SDI Seminar

‘6,), UiO ¢ Department of Physics

University of Oslo



What is Dark Matter?

Energy density of the universe:

rotation curves bullet cluster

Atoms

Dark

4.9% Energy
Dark 68.3%
Matter
26.8%

. . . TODAY
CMB anisotropies | grav. lensing )
Qpavh” = 0.1198 £+ 0.0015

» Overwhelming evidence for gravitational interaction of dark matter
» No conclusive hint for other interactions with the Standard Model
» Electrically and color-neutral: Interactions at most via weak force
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Dark matter = aWIMP ?

(Weakly Interacting Massive Particle)

WIMP paradigm attractive:

= Works with simple/natural models ("WIMP miracle")

= Independent of largly unconstrained/unknown
physics of the very early universe (inflation/reheating)

= Robust predicions

= Jestable at collider, direct and indirect detection
experiments
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WIMP paradigm: How to explain the dark
matter density!

= Relic from thermal abundance

» Consider cosmological history of Universe:

Neutral Hydrogen Forms
Modem Universe

Nuclear Fusion Begins
Nuclear Fusion Ends

Cosmic Microwave Background
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Age of the Universe

R
Expansion with Hubble rate: H = 7 R = scale factor
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WIMP paradigm: How to explain the dark
matter density!

= Relic from thermal abundance

» Consider cosmological history of Universe:

Particle physics
+cosmology:
Extrapolate to early
hot Universe
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WIMP paradigm: How to explain the dark

matter dencitv?

= Successful example: Big Bang Nucleosynthesis

Nuclear Fusion Ends
Neutral H*rogen Forms
Modei | Universe

I Cosmic Microwave Backaroin®

Radius of the Visible Universe
Protons Formed
Nuclear Fusion Begins

0.01s 3 min 380,000 yrs
Age of the ' Iniverse
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WIMP paradigm: How to explain the dark
matter density!

= Relic from thermal abundance

= Consider. cosmological history of Universe:

Particle physics

+cosmology:
Extrapolate to early
hot Universe

Nuclear F sion Begins
Nuclear | usion Ends
Cosmic Microv' ave Background
Modem Universe

Neutral Hy( rogen Forms
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Age of the Universe

Temperatures 1-100 GeV (~10'3-10>K)
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WIMP freeze-out




Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

DM distribution functions

/ \
O~ HpOy) 1x(p,t) = C1Ad

Collision operator

Relativistic Liouville operator for
homogeneous, isotropic Universe

Cosmology Particle Physics
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Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

° —E T :‘ ““““““““““ ]
Assumption: fy(p) o fom =e /T |
(Boltzmann distribution established c:f
in kinetic equilibrium)

[see e.g. Binder, Bringmann, Gustafsson, Hryczuk 2017

for general solutions without kinetic eq.]

Integrated equation for 1, (1) = /de (D, 1)

dn,,

dt

F3Hn, = —(0V)ann (n?< — n;q2)

SM

Cosmology ' X>Q<
X SM
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Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

dn,,

dt

F3Hn, = —(0V)ann (n?< — niqz)

S

° ° . [ J X
Annihilation rate: 1'ynn = 1y (00) ann X>O<

SM

SM

1 2 Dann
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Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

dn
X - 2 2
of o . X SM
Annihilation rate: 175, = n, <O’U>ann >(<
X SM
el
Fopn > H = n, = n;q o T3/2e=mx/T
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Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

dn
X - 2 2
of o . X SM
Annihilation rate: 175, = n, <O’U>ann >(<
X SM
el
Fopn > H = n, = n;q o T3/2e=mx/T

H>»T.n = n,oT®

Jan Heisig (RWTH Aachen University) 6 Theory Seminar, UiO, Nov 22,2017



Boltzmann equations for particle densities

[Lee,Weinberg 1977; Binetruy, Girardi, Salati |984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]

dn
X _ 2 2
a3 = (o (7~ )
of o . X SM
Annihilation rate: 175, = n, (OV) ann O
X SM
Tel.
Fa,nn > H —> Ty = n;q X TS/Qe_mX/T

H>»T.n = n,oT®

H T2 <Uv>ann X TO -+ O(TQ)

= For late times (small T) Hubble expansion dominates
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WIMP dark matter freeze-out

Y = — 104
S 104

106 :

10-10 - )

10-12 -

10-14 L
: Y nn
|O-I6—_

Bernal+ 2017

I 10 100
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WIMP dark matter freeze-out

Y = i |04 /’Fann > H
S el e
| follows equilibrium
10 | —
108 ¢
10-10 -
10-12 -
|0'|4—- “ ’-I\
o T2/ T =, o
i \ 1 +
10716 \ I
\ | @
............... \ s, W
| 10 100
T =my/T
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WIMP dark matter freeze-out

n :
Y = — |04+
S :
1076 ¢
: Fann ~ H
108 / freeze-out
10-10 -
10-12 -
|O-|4—_ “ J-I\
i n;qOCTZ%/Qe—mX/T /7‘\‘ VF&mn é
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WIMP dark matter freeze-out

Y = — |0'4—‘
S I

1076 ¢

108 | oy < H
’ Y const.
— Q[)Mh2

|0-|ol

10-12 -

10-14 L

|O-I6—_

Bernal+ 2017
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WIMP dark matter freeze-out

Y = 2 g4l - Relic density set by

S annihilation rate:
106 |
|O-8 u
|O-|O_
10-12 -

10-14 L -

| 15

L 1N

10-16 e

| . k
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WIMP dark matter freeze-out

Y = 2 g4l Relic density set by
S annihilation rate:
106 |
108 -

_ ——
10-12 1
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WIMP dark matter freeze-out

""""""" S, L S . RSO
Y = 2 g4l Relic density set by |
> annihilation rate:

IO-6 — Orﬂ\/rh,Q X 1
Remark: Why do heavy SM particles not freeze-out!?

0
| I“decaLy o I
| (DM decay forbidden by symmetry)
[ |
10-14 L
|0-|6:_

Jan Heisig (RWTH Aachen University) 7 Theory Seminar, UiO, Nov 22,2017



WIMP Dark Matter: searches

Indirect detection* Direct production

Direct detection

10_23 F T T T T 17 1200 1208 (1) TeV
2 cMs
Vector med, Dirac DM, g_« 0.25,g,_« 1
10241 - Ot 10k P
E 3 Coaerved #9500 <]
m{ E Qeﬁ}}&}:/’// % 800 3 1‘-“:.,"‘ —— ‘::
Sqo sl T i 2 . %
T (o) 2310 7 e 3 & 10
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mom [GeV] M, [GEV] WIMP mass [GeV /c?]
[Cuoco, JH, Korsmeier, Kramer 2017] [CMS EXO-16-039] [Xenon|T 1705.06655]

*) Possible inconclusive hints for DM seen in gamma rays [Hooper, Goodenough 2009; Gordon+ 2013;
Abazajian+ 2014; Calore+ 2015; Daylan+ 2016...] and cosmic rays [Cuoco+ 2016, 2017; Cui+ 2016]



WIMP Dark Matter: searches

Indirect detection*

Direct production Direct detection

\

«. = WIMP dark matter under pressure

X

10_23 ; T T T T TT 1200 cMS 1290 (13 TeV o 10—43 3
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[Cuoco, JH, Korsmeier, Krimer 2017] [CMS EXO-16-039] [Xenon|T 1705.06655]

*) Possible inconclusive hints for DM seen in gamma rays [Hooper, Goodenough 2009; Gordon+ 2013;
Abazajian+ 2014; Calore+ 2015; Daylan+ 2016...] and cosmic rays [Cuoco+ 2016, 2017; Cui+ 2016]



Dark matter beyond WIMPs
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Dark matter beyond WIMPs

Some dark matter candidate particles
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DM Models span huge range in mass and coupling!
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Dark matter beyond WIMPs
Here: Focus on GeV-TeV range (WIMP-like)
but explore smaller couplings
- naturally accomodate WIMP search null-results

= small coupling = overproduction of DM?

= briefly review two such scenarios
= present conversion-driven freeze-out

Other avenues beyond WIMPs: Secluded dark matter [Pospeloy, Ritz, Voloshin 2007; Feng, Kumar 2008],
Asymmetric dark matter [Kaplan, Luty, Zurek, 2009], SIMPS [Hochberg, Kuflik, Volansky, Wacker, 2014], CO-
Decaying dark matter [Dror, Kuflik, Ng, 2016], Forbidden dark matter [D'Agnolo, Ruderman, 20151, Pseudo-
Dirac dark matter [Davolia, De Simone, Jacquesa, Sanz 2017], ELDERS [Kuflik, Perelstein, Rey-Le Lorier, Tsai, 2016 & 2017], ...

DM Models span huge range in mass and coupling!
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Freeze-in scenario

[McDonald 2002; Choi, Roszkowski 2005;
Petraki, Kusenko 2008; Hall, Jedamzik, March-
Russell,West, 2009]

log1oY

Bernal+ 2017
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Freeze-in scenario

[McDonald 2002; Choi, Roszkowski 2005;
Petraki, Kusenko 2008; Hall, Jedamzik, March-
Russell, West, 2009]

log10Y

Bernal+ 2017

Jan Heisig (RWTH Aachen University)

SuperWIMP scenario

[Feng, Rajaraman, Takayama 2003]

DM production from decay
of heavier thermal relic

10_4 L

1079 |

-
D= E
X X
0-14 = - -
Neq
10_19 |

10 1000 10° 107 10° 10Ul
le/T

=> even smaller couplings
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Freeze-in scenario | SuperWIMP scenario

[McDonald 2002; Choi, Roszkowski 2005; [Feng, Rajaraman, Takayama 2003]

Pe
Rt

Assumes zero abundance initially
- dependence on initial conditions

E.g. gravitino as 1H.2014] _:

a superWIMP:

log10Y
|

- thermal scattering
during reheating

TR [GGV]
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Conversion-driven freeze-out

[Garny, JH, Liilf, Vogl 2017]
[see also D’Agnolo, Pappadopulo, Ruderman, 2017]



Revisiting WIMP co-annihilation

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

dark matter @ my < mp @ co-annihilation partner

Am < myo A

Annihilation Conversion + Co-annihilation
X1 — SM X1 = X5 X>— SM
el N C G
X, SM SM T ~(sM) Xz SM
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Revisiting WIMP co-annihilation

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

N
d’n' o sSM X2
dtz +3Hn; =— E (05vi5) (nimj — nfqnij) annihilations >®<SM X2>®<

g=1

B Z [<0/Xz'jvij> (ninx —mn,; ny) — (i < j)} conversions (scattering)
]#Z X1><><X2
- Z Lij (ni —n;") — (i ¢+ J)] conversions (decay) > M
j#i ‘
>C)7 X,
SM
Usually (e.g. SUSY): A1 ~ A2~ gsm = conversions always efficient

= Drives solutions into chemical equilibrium in dark sector, i.e.

e
n;  n,.
n; o n,
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Revisiting WIMP co-annihilation

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Assumption of chemical equilibrium

= reduction to single, uncoupled Boltzmann equation*:

dn
s +3Hn = —(o0)enr (0

n = > .n; entire dark sector

(oV)eft effective ann. cross section

*) Solved by numerical tools [DarkSUSY, micrOMEGAs, MadDM]

Jan Heisig (RWTH Aachen University) 13 Theory Seminar, UiO, Nov 22,2017



Conversion-driven freeze-out
[Garny, JH, Liilf, Vogl 2017]

Consider A1 <« A2: X €97 X,

"
M
X, SM SM “~(SM) X2 SM
negligable large rate

Conversion Co-annihilation
X1—= X5 Xo—= SM
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Conversion-driven freeze-out
[Garny, JH, Liilf, Vogl 2017]

Consider A1 <« A2: X €97 X,

Conversion Co-annihilation
X1 = X5 Xo—= SM
X X> X2 SM
O — 0
SM TH(SM) X SM
negligable large rate
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Conversion-driven freeze-out
[Garny, JH, Liilf, Vogl 2017]

Consider A1 < A2: X, e&?X2

ihj Conversion Co-annihilation
M X1 4 X2 X2 — SM
O N S
X, SM SM - *(SM) X5 SM

negligable large rate
bottleneck!

i‘
n

-> Relic density is set by the size of the conversion rate
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Conversion-driven freeze-out
[Garny, JH, Liilf, Vogl 2017]

Consider A1 <« A2: X €97 X,

ihj Conversion Co-annihilation
M X1 4 X2 X2 — SM
B C i o —»X2>@<‘°’M
M SM T ~(sM)

N

negligable

-> Relic density is set by the size of the conversion rate

Jan Heisig (RWTH Aachen University) | 4 Theory Seminar, UiO, Nov 22,2017



General back-of-the-envelope estimate:

Conversion rate (just) efficient at freeze-out:
FConV — Pde(:ay + FScatter ~ H(I o= 30)

= X2 decay-length:

L > ! 1—100
CcT = ~ 1-100 cm
Ldecay  H(x ~ 30)

(for masses 100GeV to a few TeV)



General back-of-the-envelope estimate:

Conversion rate (just) efficient at freeze-out:
FConv — Pdecay + FSc:atter ~ H(CE o= 30)

= X2 decay-length:

1 1
i > ~ 1-100
T Taeeny ~ H(z ~ 30) o

(for masses 100GeV to a few TeV)

= Log_g-lived particles at LHC! M;raa/a
“LLP,




An explicit example

= Specific model: L, = |D,.q]° — )\Xaq_l _275

x + h.c.

= SUSY-inspired simplified model:
Choose Majorana DM and scalar bottom-partner

© 0

= Yukawa-type interaction: ’5 A\
X

X

Ay is a free parameter here [see Ibarra et al. 2009 for SUSY realization]
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Numerical solution of full coupled system

= SUSY coupling A\, >~ 0.17:

DM and mediator freeze-out
simultaneously (chemical eq.)

my = 500 GeV , mz = 510 GeV j

1010 £ ke 10~2
~ ; =4 Sy 10—6 i
~ 1t S
3 : S
S - g 1010
2 10710 &g 3
= 8 ® qp-14]|
2 2

~20 _

10 \ 10-18 |
\ 1000 1 10 100 1000

all annihilations

contribute conversion thoroughly efficient
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Numerical solution of full coupled system

DM and mediator freeze-out
at different x (no chem. eq.)

= Very small coupling \, ~ 2.6 x 10~ 7:

my = 500 GeV , mz = 510 GeV

1010 L7 “o T S sM iz 10~2
- ‘ g 6
D i ,/"‘ -+ t 10 i
& 5 S
g ? g 10710}
2 10710} -
E TR 2R 10714
& i =
10~20 ¢ -
5 | 10-18 | - - |
1 1000 1 10 100 1000

mediator-annihilation

_ conversion on the edge
contributes only

of being efficient
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Numerical solution of full coupled system

= Scan of the coupling:

Qh?

0.10
0.05 |

0.01

my = 500 GeV , my = 510 GeV

0.50 |

2 5 10

Jan Heisig (RWTH Aachen University) 19

- Decay only similar

Fde(:auy ~ FS(:autter
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Allowed parameter space

= Require Planck relic density

30 -
25 - ﬂ .
- J —
z 200 f % =
AT P < &
1o I o0
SX 15 ...-. b >O
< N w
M |
10‘ . . h _1
_______ : T
OF S e e = N T g
. O,
0 ’11 | | | | | | | | | | | | | | |
Fde(:a,y ™~ FScanfcter / 500 1000 1500 2000

= Decay length: O(I-100cm)  mx (Gev
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LHC constraints

soft jet
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Jan Heisig (RWTH Aachen University)

LHC constraints

Tracker-Only CMS {s=8TeV,L=18.81b"
Il T T T | T T T T | T T T T I
Theoretical Prediction —¥— gluino; 50% gg
102 £ gluino (NLO+NLL) ~ —* gluino; 10%9g
------ stop (NLO+NLL) = gluino; 10%gg; CS
sto
------ stau; dir. prod. (NLO) P
............ stau (NLO)
[ 1Ql=2e/3 (LO)

—=— stop; CS
—e— stau; dir. prod.
—e— stau

95% CL limit on o (pb)
o

1 —+— 1Ql = 2e/3 —
3
1M
10 q —
10
10? ]
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10° . 2
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500 1000 1500
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Reinterpretation of
R-hadron searches
for finite lifetimes

100

10

¢t [m]

generic model

0.1

Reinterpretation CMS R-hadron search

200 400 600 800 1000 1200
mg [GeV]

0.01
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Jan Heisig (RWTH Aachen University)

»Mmono-jet

5151 production, 51—> bx1
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5151 production, 51—> bi?
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Dedicated search for
displaced jets/
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within model
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Allowed parameter space
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Allowed parameter space
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Another explicit example

1 —_
= Specific model: Ly = |D,.q]° — A\, qq 275

x + h.c.

= SUSY-inspired simplified model:
Choose Majorana DM and scalar top-partner

© 0

= Yukawa-type interaction: ~ X

» Difference: Top-quark non-negligible mass!
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Allowed parameter space: top-partner model

Scatterings dominate T
: 351 Qh? =0.12
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Scrutinizing some assumptions




Dependence on Initial Conditions

= So far equilibrium density at x=1 assumed
= Does DM thermalize!?

1 b-model: m,, = 500GeV, m; = 510 GeV 06 Full conversion
Full conversion . Decay only
0.100 | ol
0.010 | N
| < 1
>~ G
0.001 |
0.10 T
1074 |
107> — R 0.01
1 2 5 10
X

= Insensitive in range Y, (1) = (0-100) x Y.29(1)
= Independent of thermal history prior to freeze-out!
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Kinetic equilibrium

= Assumption of thermal distributions (via kinetic equilibrium)

fx(t,p) = [, p) n"iz)

= WIMPs: kinetic equilibrium estabished through efficient
elastic scatterings with SM particles:

X X (kinetic decoupling
takes place well after

freeze-out)

[cf. Chen, Kamionkowski, Zhang 2001,
SM SM Bringmann, Hofmann 2006;
Borzumati, Bringmann, Ullio 2007]
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Kinetic equilibrium

= Assumption of thermal distributions (via kinetic equilibrium)

fx(t,p) = [, p) :52)

= WIMPs: kinetic equilibrium estabished through efficient
elastic scatterings with SM particles:

X X
4
oc)\x

SM SM

» |nefficient for DM in conversion-driven freeze-out!

= Mediator is in kinetic equilibirum
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Unitegrated Boltzmann equation

Q Consider unintegrated BME for X (geff = const., only conversions, no annihilations)

e f(9) = Cla0) (720 — £,

@ For decay with massless b-quark: C available analytically!
@ Use separation of variables and variation of constants to find solution

71 _/Xd(fﬁq(q,y)YE(y)/Y,fq(y)) © exp (_/ C(q, 2) . )dy

dy zH(z)

fX(q7X) —

Caution: Y; needed!
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Iterative solution
= Do not solve coupled system at once but interatively

= Start with "guess” for Y7 :solution of integrated equations

10_2 =

@ o
>~ 10710}

initial guess

+\int. BME

diff. BME @
@/‘integration
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Deviation from thermal distribution

10.25

zbf/xfzb

= small x: redshift only
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Testing initial guess

s Extreme cases for initial evolutions of abundances

= Converge to same solution:

10—1 |
10_6 |

10—11 i

=~ 10-16 |

10_21 L

10—26 L

Jan Heisig (RWTH Aachen University)

1000
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10—18,

1000

B. Lulf
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Iterative solution

= All initial guesses converge to the same solution
= Difference to integrated treatment below 10%

= Solution of coupled system more important
[cf. D’Agnolo, Pappadopulo, Ruderman, 201 7]

100 |
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4 | : |
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Summary

» Dark matter among key scientific questions

= Vanilla WIMP under pressure: Watch out for avenues
beyond WIMPs with new LHC signatures!

= Conversion-driven freeze-out:
= Shares nice features of WIMPs
s Accommodates null-results from WIMP-searches

= H ~ [: Lifetimes naturally O(1-100cm)

= Strong motivation for long-lived particles at LHC

= Thermalization through mediator establishes kinetic
equilibrium
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