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The SIMP mechanism



The WIMP miracle : thermal freeze-out scenario

(Yy = ny /s ~ comoving number density)

e DM-SM in thermal equilibrium
in the early universe
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The WIMP miracle : thermal freeze-out scenario

(Yy = ny /s ~ comoving number density)

e DM-SM in thermal equilibrium
in the early universe
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e Kinetic decoupling
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The WIMP miracle : thermal freeze-out scenario

(Yy = ny /s ~ comoving number density)

e DM-SM in thermal equilibrium
in the early universe

1)

e Kinetic decoupling
at zr ~ 20

Yilo) /Yyl

e Comoving density frozen-out

Mathias Pierre - IFT-UAM Madrid Vector SIMP dark matter October 11tN, 2019 3/19



The WIMP miracle : thermal freeze-out scenario

(Yy = ny /s ~ comoving number density)

e DM-SM in thermal equilibrium 0
in the early universe

1)

e Kinetic decoupling

Yilo) /Yyl

at xp ~ 20

e Comoving density frozen-out

2 My (o) -1
™ = 0-1(100 GeV) (ii 10—26cm? s l)

e Correct relic density obtained for typical electroweak parameters : The
Weakly Interacting Massive Particles (WIMP) miracle!
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The WIMP miracle
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The WIMP miracle ?1?!7
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When do we give up on WIMPs?
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Rethinking the WIMP miracle

e Valid as soon as the DM thermalizes with SM in the early universe

Independent on any prior DM history before thermal equilibrium

e The same coupling fixes the relic density and detection signal —
observable signatures

New physics expected at the ~ TeV scale... but unobserved

Direct detection suggests that new states must "assist” the freeze-out

mediator

Mathias Pierre - IFT-UAM Madrid Vector SIMP dark matter October 11tN, 2019 5/19



Rethinking the WIMP miracle

e Valid as soon as the DM thermalizes with SM in the early universe

Independent on any prior DM history before thermal equilibrium

e The same coupling fixes the relic density and detection signal —
observable signatures

New physics expected at the ~ TeV scale... but unobserved

Direct detection suggests that new states must "assist” the freeze-out

mediator

<

Mathias Pierre - IFT-UAM Madrid Vector SIMP dark matter October 11tN, 2019 5/19



Rethinking the WIMP miracle

e Valid as soon as the DM thermalizes with SM in the early universe
¢ Independent on any prior DM history before thermal equilibrium

e The same coupling fixes the relic density and detection signal —
observable signatures

New physics expected at the ~ TeV scale... but unobserved

Direct detection suggests that new states must "assist” the freeze-out

[ We shouldn’t give up on WIMPs.. but reinterpret the miracle! ]
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Strongly Interacting Massive Particles (SIMP)

e In the SIMP mechanism, large contributions expected from 3 — 2 processes

dnx = —3Hnx — (av2)3ﬁg (ni( — ng(ni?) —2(0V)ann (ng( — (ni?)2>
dt ——— ~——
X X WIMP X SM
8x <<
X
g%
X X

SIMP | X SM

1 mx 3/2 _3

Qxh® x ———— 50.3(7)
e (o02)3 39 100 MeV Ex

e Correct relic density obtained for typical "QCD-like” parameters : The
Strongly Interacting Massive Particles (WIMP) miracle!

e Is SM secluded from the SM ? The 3 — 2 might heat the DM
In conflict with structure formation ! — Need interactions with SM

e Large coupling and small mass implies large self-interaction cross section
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The ACDM small scale crisis

[arXiv:1711.06267]

The missing satellite problem

100

e 20 years ago ~ 10 observed satellites

e Now ~ 50
e Around ~ 125 predicted by simulations
. SIS
e But not all subhalos host galaxies! = ELVIS, stripped
— D17
The "cusp VS core” problem —— DMO + gal
03k e DMO + gal

""""""""""" ’ + GKI17 stripping

e Diversity in rotation curves for same Viax

10 10%
e Not predicted by simulations r (kpc)

e Some satellites exhibit an inner-mass deficit
Too-big-to-fail

e Simulated subhalos too dense to host brightest MW satellites
e They shouldn't have failed forming more stars
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The ACDM small scale crisis

[arXiv:1504.01437]

The missing satellite problem 100 —
80| //;4"/ -]
e 20 years ago ~ 10 observed satellites 60 %'
, d
e Now ~ 50 o T
A X . = 208 — e Siox 1 — e ot
e Around ~ 125 predicted by simulations B | e iomn s e, s o
i
e But not all subhalos host galaxies! 10
o

The "cusp VS core” problem

J/ T Serseil 1l * cone
i+ DMO sims: LG-MR + EAGLE-HR, || /// DMO sims: LG-MR + EAGLE-HR,
. o . 200l # e | — oo
e Diversity in rotation curves for same Viax — P e
. . . 0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
e Not predicted by simulations Radius [kpe]

e Some satellites exhibit an inner-mass deficit
Too-big-to-fail

e Simulated subhalos too dense to host brightest MW satellites

e They shouldn't have failed forming more stars
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A solution to the small scale crisis?

Xiv:1904.10539
Self-interacting Dark Matter [arXiv ]

109 — g/m=0
—— o/m=3
—-= og/m=10

e Lead to formation of cored profiles

e Role of baryons! SN + tidal stripping

e Can explain diversity of profiles
[arXiv:1904.07872-1904.10539]

Constraints on ogeir/m?

e Bullet Cluster : ogir/mx <1cm?.g™!

o Galaxy cluster scale : oer/myx < 0.4 cm? g 0.2 05 10 20
o Radius (kpc)
[arXiv:0704.0261-1308.3419-1812.06981]

st~ 01 —10cm? g !
mx
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A solution to the small scale crisis?

[arXiv:1711.09096]

Self-interacting Dark Matter <
SN CE-12 ---+ CDM+baryons total
10° ’0.\\ SIDM --=- SIDM only
e Lead to formation of cored profiles fo — :m enalytical
- SN . S
e Role of baryons! SN + tidal stripping - ’6%‘\\ v
. Q107 %o TSel g
e Can explain diversity of profiles iy L
[arXiv:1904.07872-1904.10539) <Y
L AR LI
) 10*
Constraints on ogeir/m?
10°

10° 10! 10 10°
e Bullet Cluster : ogir/mx <1cm?.g™! r/kpe
e Galaxy cluster scale : ogir/mx < 0.4 cm? - g *

[arXiv:0704.0261-1308.3419-1812.06981]

st~ 01 —10cm? g !
mx
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Vector SIMP dark matter




Vector SIMP : theoretical setup

Starting from an extended dark gauge structure SU(2)x ® U(1)z/ sM

SM
[ 3 DM candidates = SU(2)x gauge fields X ] \/

1
hsar
1

SU(2)x broken by dark doublet ¢ :

2 2
|D,®? > wxu L XH (1 4 %)
2 vx

1
(o}l
1

hsm — ¢ mixing : ¢ =~ cos @ hi + sin ) hy with sinf) < 1

7' coupled though kinetic mixing with SM hypercharge :
LD 1blH€Z/ B

Introduction of a Chern Simons effective coupling :
Lesgrr = c16?7 71X, - (8,X 0 — 85X,)

e DM stability is ensured by a custodial SU(2) symmetry

X X

[ 2 portals : Z' and dark higgs ¢ ]
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Origin of a Chern-Simons coupling

e Introduction of a set of fermions f charged under SU(2)x x U(1) 2

e Chiral gauge anomalies generated by f cancelled by heavy fermions
F (mp>mys 2 mg,mx)

e Remaining low energy (E < my) effective operator

Leserr = c1e?7 2, X, - (0,X o — 9,X,)

2
gzrax My

C1 ™~
47 mfc

e Avrise from D’Hoker Farhi terms [Nucl.Phys. B248 (1984) 59-76]

Lcs BT = W STDrS(DY®)1X,,® + h.c.

e Other possible operator

1 X
LosErT = E P (B1X,, DA\P)ONZ), Wiﬁz s
X

X
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Relic density and self interacting DM

X X
O self 2 1 100 MeV \ 3 4
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X X
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Forbidden channels contribution

can contribute to the relic density :

When mx < my,, annihilations and semi-annihilations to dark higgs
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Forbidden channels contribution

When mx < myp,, annihilations and semi-annihilations to dark higgs
can contribute to the relic density :

_ Mp, —Mx
A, = M1 =X

mx

108

10

100

=001, my=1GoV

=001, my=10 MoV
1, me=1Gov.

=01, me=10MaV.

— =1, my=1GoV
== a1, my=10MeV.

0.8
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Kinetic equilibrium conditions (1)

e Kinetic energy transferred in DM-SM elastic scattering K. must
compensate kinetic energy injection in 3 — 2 annihilations K5_,,

K3~>2 ,S Kel

my=100 MeV, ¢4=0.01

252 -
dominance L
10 -
g Z-inv
0p=10"*%cm’ .~ g

BaBar-inv

€ 10
107 Belle2
1
0 Kinetic
decoupling
107 3
100 200 500 10 5x10° 10

mz (MeV)

e Viable DM produced via the SIMP mechanism with sizable ogr/m
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Kinetic equilibrium conditions (2)

e Dark Higgs inverse-decay larger than Hubble expansion rate at
freeze-out temperature Tro

5 (Tro)Thy —sm > H(Tro)n¥ (Tro)

mx=300MeV, ax=2

10°
SM SM
107" \/
102 '
hsm 1
1
-3
@ 10 :
c
= (o]
@ 10 ) - 12
Higgs-invisible 125'¢
107 Kinetic decoupling X X
10-7 n n n L L
300 350 400 450 500 550 600

my, (MeV)

e Only forbidden regime for dark higgs portal — oef/m suppressed
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Vector SIMP with approximate
custodial symmetry




Approximate custodial symmetry

Consider a new charge assignment for ® under SU(2)x @ U(1) 2

A [0(2.0) + 5(1,1)] A (22419 +511)]
! !
9z'vs + Z 9z'vs + Z

- %
AmX
\/IgXU@—— & & )é \/ZQXU@—— & )<—é ]
4 2
[arXiv:1707.01434] [arXiv:1904.04100]

[ AE(mXB—mX)/mX:\/ﬁ—l ]

ZL ~ 7, —sin0y X3, — LD eelgy (gZ/ZL—i-ngiH 0’ X3,.)
X3, =~ X3, + sin 0xZ, 0% = Dark Weinberg angle
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Relic density

e Forbidden channels XX — X5X3 and SIMP X XX — X Xj contribute

my = 100 MeV, ay =1, sin(2¢) = —0.1

9 X X
10°
: X

107! hasrastraa s e me .- Yesses et e, X
=™
2107t X X,

=+ SIMP -
1077 Forbidden X X3
. Total
1010 . . ¥ r
0.0 0.2 0.4 0.6 0.8 1.0
A= (mg, —my)/my X X,
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Relic density

e Forbidden channels XX — X5X3 and SIMP X XX — X Xj contribute

my = 100 MeV, ax =1, sin(20) = —0.1

) X X
10°
0 019 / X
107! _._._._.-%0“.“., X
™
:’ 1071 X X,
— .. |SIMP 3
107! Forbidden X X3
e |[Total
10710 : ; . ;
0[0 0.2 0 0.6 0.8 10
A= (mlg, —mx) /1y X X,
1=1/2 I=1 1=3/2 1=2

- IFT-UAM Madrid

Vector SIMP dark matter

October 11t 2010 16 /19



Relic density

e Forbidden channels XX — X5X3 and SIMP X XX — X Xj contribute

my = 100 MeV, ax =1, sin(20) = —0.1
: ' X X
10°
0 / X
llrl _.—._-_n-%.“.“.’ X
N
::’ 1071 X X,
—..[SIMP 3
1071 Forbidden X X3
e | Total
10710 : . . .
0j0 0.2 0.4 0.6 0.8 10
A= (mlg, —mx) /1y X X,
1=1/2 I=1 1=3/2 1=2

e The representation of ®(2I+ 1,¢) under (SU(2)x,U(1)’) determines
the regime : SIMP or forbidden — direct impact on oge/mx !
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elic density and self-interaction
mg, = V3my,sin(20y) = —0.1

1.0p———
I I {
20 n,%lm; ;4"?."
o <3 S
0.8 5i & &
L o! ~ 4. N
: —h I o
I s
S & Qo
&i Ry S
0 6 I &g s 65
. 3i &7 X
e ’ K
I3 o
ax ; >
. g
| H Q 20 4
0.4f T A
! o / /
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! / s
] Vi ’
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0.2f v 2
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e o.f/mx typically smaller than in the previous VSIMP model

Vector SIMP dark matter
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Constraints and parameter space

mg, = V3my, ax = 0.5, sin(20y) = —107",mz = 600 MeV my =130 MV, mg, = V3my, ax =1, sin(20y) = =10

1 3 1
10 E Xenon10 - 10! Xenon10
& L ST I3 > T
02— 1077
<E T BaBar (Z)
SEl___ -
1073 p S 107
Belle 2 N
£ 10 £10™
107 107
1076 1076
10-The Kinetic decoupling (decay) 1077 . .
Kinetic decoupling (decay)
10~ 107
50 100 200 300 300 100 500 10
mx [MeV] my [MeV]

e Parameter space larger than in the previous VSIMP case
e Specific signatures : dark photon, dark higgs, oseir/m, o§p, ..
e Well motivated thermal dark matter with lower bound on couplings

accessible in the near future!
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Conclusion

Summary
e The WIMP miracle is not dead
e Motivated DM scenarios with specific signatures are possible

e SIMPs are an appealing potential solution to the small scale crisis
but role of baryons required before any conclusion

e Vector SIMPs represent a viable realization of the SIMP mecha-
nism
e Model can be probed in the near future!
Outlook

e Connect different sources BSM motivations

e Interplay between astrophysics/cosmology and particle physics

[ Thank you for your attention! ]
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Thermal Dark Matter beyond WIMPs

DM DM DM

DM SM SM SM

2 — 2 ann 9 — 2 scat
Temperature Temperature Temperature

T3—>2 MDM T DM T

MDM T2 —2ann T2—2ann
T2—2ann T2 — 2 scat T3—=2
T2 — 2 scat T3 —2 T2 — 2 scat

WIMP ELDER SIMP
(ELastic DEcoupling Relic) (Strongly Interacting

Massive Particles)
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ELastic DEcoupling Relic (ELDER)

Evolution of the DM temperature T’

with the SM temperat

ure T :
! /2 !
or _ (T =T)
8T - T +a | |2—>2 scat
my 5%
103
107
105 . B
= 107 Thermalized E o 20 s ww e
% with SM \ {2 = man/T
S 107 £\ Cannibalization
EJ 3
- - I
- 107 I
g 109} g 4 £ Frozen
107101 I‘-‘ Inset
T \ Ty
1 -11 L L M L L
0 1 10t 10? 10°
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Analytic

decoupling

[

Boltzmann Eq.

freezeont

T ErtTy

x=m/T

Kinetic decoupling :

T ~

Ta

Ta
1 — log(Ty/T
+3L log(1/)

Freeze-out in the dark sector :

€Tyt =

Vector SIMP dark matter

%

~ 25
f!
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Thermal Dark Matter beyond WIMPs

10' E
100 MeV ]

o

w
1+ 8 ]
3 w ]
1071 m, =5 MeV k|

10—2 1 1 L 1
1078 1077 10°° 107°
€

e WIMPs are not the only way to produce thermally the DM

e ELDER and SIMP arise naturally and provide self interacting DM
candidates with low masses !
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scales controversies in ACDM 1306.0913]

e "Missing Satellites”
e "Too big to fail”
e "Cusp-Core”

e Baryonic feedback? Warm DM?
Self interacting DM? :

From the Bullet-Cluster :

Tt 0.1 - 10 cm® . gt Tself 4 cm? . g1

m
X mx
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