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¢ Introduction:

From WIMPs to FIMPs/SuperWIMPs

¢ Superweakly interacting DM: with G Arcadi® B Dol
- FIMP @ LHC & ID Ch. Eckner & M. Gustafsson
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- kinetic decoupling and the H.Murayama, T. Takahashi,
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¢ Outlook



FROM WIMPS TO
FIMPS &
SUPERWIMPS



SUPERWIMP/FIMP PARADIGMS

Add to the BE a small decaying rate for the WIMP into a
much more weakly interacting (i.e. decaying 1) DM particle:

[Hall et al 10]
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[Feng et al 04]

SuperWIMP
DM
produced

by WIMP
decay after

freeze-out

Two mechanism naturally giving “right” DM density
depending on WIMP/DM mass & DM couplings



F/SWIMP CONNECTION

Early Universe: QC DM h?  Direct Detection:

o
WIMP O = NONE...
£

Colliders: LHC/ ILC/) Indirect Detection:
WIMP
e, q\ DM e, , W,Z,”
E q/@\ » SM O\e, q,WZ"Y
]
DM decaying DM |

3 different ways to check this hypothesis 11!



DECAYING DM

¢ The flux from DM decay in a species 11s given by
ds p(r(s,0))
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Particle Physics
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Halo property

¢ Very weak dependence on the Halo profile; key
parameter 1s the DM lifetime...

¢ Spectrum 1n gamma-rays
given by the decay channel!

Smoking gun: gamma line...

@ Galactic/extragalactic signal
are comparable...
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A MINIMAL
DECAYING DM
SCENARIO



A SIMPLE WIMP/SWIMP MODEL

|G. Arcadi & LLC 1305.6587]

Consider a simple model where the Dark Matter, a Majorana

SM singlet fermion, 1s coupled to the colored sector via a
renormalizable interaction and a new colored scalar 2. :

ApWdRY + Agtihdr X’

Try to find a cosmologically interesting scenario where the

scalar particle 1s produced at the LHC and DM decays

with a lifetime observable by indirect detection.

Then the possibility would arise to measure the
parameters of the model in two ways !

— F[MP/SWIMP connection



A SIMPLE WIMP/SWIMP MODEL

[G. Arcadi & LC 1305.6587]

No symmetry 1s imposed to keep DM stable, but the decay
is required to be sufficiently suppressed. For 1My > My, -

Decay into 3 quarks via both couplings !

To avoid bounds from the antiproton flux require then
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A SIMPLE WIMP/SWIMP MODEL

Q,h? =0.11

A~ BN ]
AR o
< [ FIMR R
~ N 001 . /'
m N N R/ '/, |
< Bl ( —7 ¢)
'q s ,/' |
Lo, 041 s
~10 - '
;<O
g
12 . _
\\ 1027S
AN
s 7 s’ \\\ 10\295
—14 ,/’ ,/' \\ \\ \\ 7
c AL
SWIMP ey D\Mlgfetlme
L , N N \\ i
Log,,A L (A )
o(g Y

|G. Arcadi & LLC 1305.6587]

DM decay observable

1n indirect detection

& right abundance
& sizable BR in DM

o

But unfortunately

Y. decays outside
the detector @ LHC!

Perhaps visible
decays with a bit of
hierarchy...



FIMP/SWIMP AT LHC

At the LHC we expect to produce the heavy charged scalar ),

as long as the mass 1s not too large... In principle the particle
has two channels of decay with very long lifetimes.

Fixing the density by FIMP mechanism we have:
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Very long apart for small DM mass, 1.e. I = <=1
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Moreover imposing ID “around the corner” gives
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At least one decay could be visible 11!




LHC: LONG-LIVED STOP

Best strategy: combine searches for metastable particles (out)
and displaced decay vertices 1n tracker or pixel (here in CMS).
Draw the lines for 10 events of any type to be conservative:
JLC & F. Dradi 1403.4923]
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FIMP/SWIMP & COLORED ),

[G. Arcadi, LC & F. Dradi 1408.1005]
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Practically pure FIMP production: both displaced vertices &
“stable” charged particle @ LHC possible...



FIMP/SWIMP & EW ),
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Production at LHC is much more suppressed !

SWIMP at large x for “stable” charged particle @ LHC



LONG-LIVED PARTICLES @ LHC

[ATLAS combination]
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Y, COMBINED DETECTION

Still possible to have

multiple detection of

- DM decay:
oy Fw — AN
- displaced vertices
ms FE, T =7 D
- metastable tracks
mx FE,SM e Y
with stopped tracks maybe

both
ES Picar IS pu

|G. Arcadi, LC & F. Dradi 1408.1005]
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[t 1s possible to over-constraint the model and check the

hypothesis of FIMP production !



ID oF FIMP/SWIMP DM

[LC, Eckner & Gustafsson, work in progress]
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Unfortunately bounds strongly depend on propagation...



ID oF FIMP/SWIMP DM

[LC, Eckner & Gustafsson, work in progress]
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THE SW DM-
BARYOGENESIS
CONNECTION



BARYOGENESIS IN RPV SUSY
[Sundrum & Cui 12, Cui 13, Rompineve 13, ...]

Realization of good old baryogenesis via out-of-equilibrium

decay of a superpartner, possibly WIMP-like, e.g. in the model
by Cu1 with Bino decay via RPV B-violating coupling.

d;

ST
d*\}/l >
\d +d
: //
p)

CP violation arises from diagrams with on-shell gluino lighter

than the Bino. To obtain right baryon number the RPC decay
has to be suppressed, 1.e. due to heavy squarks, the RPV

B >

d.?:

U

coupling large and the Bino density very large...



BARYOGENESIS & SW DM

[Arcadi, LC & Nardecchia 1312.5703]

In such scenario it 1s also possible to get gravitino DM via the

SuperWIMP mechanism and the baryon and DM densities can
be naturally of comparable order due to the suppression by the

CP violation and Branching Ratio respectively...

T
Qap = —HecpBR (x — B) &7
mx ( ) A Small numbers
Qpym = 77::; BR (X — DM + anything Q;—mo
X

Qe ecp BR(x — B) independent of
Qpy  mpy BR(x — DM 4 anything) Bino density

Gravitino DM: BR is naturally small and DM stable enough !




CP VIOLATION IN RPV SUSY

The loop diagrams contributing to the CP violation are

B d.
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CP violation can be provided either by a phase ditference
between the Bino and Gluino masses or by flavour effects in
the RPV couplings and CKM-mixing for squarks.

The latter suffers unfortunately of GIM-like cancellations for
very heavy squarks...



BARYOGENESIS IN RPV SUSY

[Arcadi, LC & Nardecchia 1507.05584]

Unfortunately realistic models are more complicated than
expected: wash-out effects play a very important role !!!

Asymmetry suppressed by the high scalars
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Rather definite prediction for range
G. Arcadi - Invisibles '15 of scalar masses Heavy M1



Log,o[mg/1 GeV]

GRAVITINO DM IN RPV SUSY
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[Arcadi, LC & Nardecchia 1507.05584]

Moreover the large scalar

mass suppresses the
branching ratio into

gravitinos too much...

BR(E = s any) << ecp

Need a large gravitino

mass to compensate !
Not such a simple

explanation for

ol () ~ 5 ()
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m[GeV] after all...



GRAVITINO DM IN RPV SUSY

[ Arcadi, LC & Nardecchia 1507.05584]

Thanks to the large gravitino mass, the squark mass

suppression 1s partially compensated and a visible gravitino
decay 1s possible:
7

3N M3
LWs/2 = wrdid;) = 754 3 mé]\/ﬂ%

— 0.26 x 10%s [ 2 2(m3/2)7 mo '
Bl 0.4 1TeV 107-5GeV

Right ballpark for indirect DM detection, but strongly

dependent on the gravitino mass...




GLUINO NLSP IN RPV SUSY

[ Arcadi, LC & Nardecchia 1507.05584]

The gluino 1s 1n this scenario the lightest SUSY particle and
may be produced at colliders; but i1t should be not too much

lighter than the Bino, 1.e. mg ~ 0.1 —04mpz~T7— 28 TeV,
possibly in the reach of a 100 TeV collider.

cT~ ~ 1.5 cm )\— 200 ( i )
e 0.4 4x107GeV /] \7TeV

The heavy squarks give displaced vertices for the gluino decay
via RPV, even for RPV coupling of order 1.

Gluino decay into gravitino DM 1s much too suppressed

to be measured.



NOT SO WEAKLY
INTERACTING DM



INTERACTING DARK MATTER

Apart for chemical decoupling of DM, also the kinetic

decoupling 1s important as it sets the cut-off in the power
PHEZ B P
spectrum at small scales. ANY interaction of the DM, even

with a hidden (relativistic) Dark Sector can influence

the DM kinetic decoupling.

A delayed decoupling may be important in solving the present
small-scale problems of ACDM, if other possible effects,

e.g. baryonic feedback, are not suthcient.
| Hofmann, Schwarz & Stecker 2001, Green, Hofmann & Schwarz 2005,
Bringmann & Hofmann 2007, ...]

Consider then a Dirac fermion DM coupling with a massless

hidden neutrino through a scalar or vector mediator and
compute 1its kinetic decoupling expanding the collision
integral in the momentum transfer.



INTERACTING DARK MATTER

|J.Kasahara PhD Thesis 2009, Binder et al. 1602.07624]

Let us have a look at the collision integral for the process:

DM(1) + Particle(2) <-> DM (3) + Particle(4)

S
o Z/ 2765 ?I))QSES — S p1,p3) f1(1 F f3) + 5Ups, p1) f3(1 q:fl)]

Both terms have the same matrix element (no CP violation!)

d? p2 d3p4 4
E (2 5 — D3 —

><|M(1+2—>3+4 \2 (1$f 9,

d’ P2 d3p4 4
E (27)%6 —
i(ps, p1) / By 32E2 / o 32E4 m)*0"(p3 + pa — p1 — p2)

><|M(3+4—>1+2 P (1. E i)



INTERACTING DARK MATTER
|J.Kasahara PhD Thesis 2009, Binder et al. 1602.07624]

In the non-relativistic limit for DM, one can expand these
expression for small (but not vanishing |) momentum transfer:

0 f1
T | ; — ;
~y (ml b1, (p1 miu )f1>

o,
: Op1;

Clfi] =

where we defined

3 0
Z/ d pQ ca g e )/ dt(ﬁt)d—av t-average.d

—4p2 dt  cross-section

= 6m1T

Fokker-Planck equation for the DM momentum distribution

function, which can be recast into the Boltzmann hierarchy for
density, bulk velocity, pressure and anisotropic stress,...



INTERACTING DARK MATTER

[ Binder, LC, Kamada, Murayama, Takahashi1 & Yoshida 1602.07624]
Consider a simple Dirac fermion DM interacting with a

“dark neutrino” via a massive mediator:
L L e
Ix X7 X¢,u gvry V¢,u vector
gx>_<¢X gz/ﬁ¢y scalar

The matrix elements are:

8 (8E2mZ + AE,myt + t(2m2 + t))

M2 = ¢242
‘ ‘ .ngI/ (t_m%)z
4t(t — 4m?2)

¢



INTERACTING DARK MATTER

[ Binder, LC, Kamada, Murayama, Takahashi1 & Yoshida 1602.07624]
Consider a simple Dirac fermion DM interacting with a

“dark neutrino” via a massive mediator:
L L e
Ix X7 X¢,u gvry V¢,u vector
gx>_<¢X gz/ﬁ¢V scalar

The matrix elements are:

8 (8E2mZ + AE,myt + t(2m2 + t))
(t = m3)?

IM|* =g2g;

4m?)
M| ng,anb)Q

Scalar interaction seems suppressed compared to vector one...,

but the t-averaged cross-section is quite similar !



INTERACTING DARK MATTER

[ Binder et al. 1602.07624]

' Non-Interacting DM —— '
108 v-Vector-DM —— .
i v-Scalar-DM :

10-10 L] . . o
10 100

Wavenumber k [h/Mpc]

MCUL 109M N,/Oé,/OéX ( mX )—3/4( mq5 )—3
“\2x10-4/) \1TeV 1MeV

Similar results from ETHOS group  [Bringmann et al. 1603.04884]




OUTLOOK



OUTLOOK

¢ The search fora DM particle continues on all fronts,

not only WIMPs but decaying FIMP/SuperWIMP DM !
¢ The FIMP/SuperWIMP framework 1s quite general and

points to heavy metastable particles or displaced vertices

at LHC with different d decay channels !

¢ Gravitino Super WIMP & baryogenesis from Bino decay
are feasible with a “mini-split” SUSY spectrum and may
give signals in DM indirect detection or a 100 TeV collider.

¢ Also DM interactions with the “Dark Sector” can play
a role in structure formation, delaying the kinetic decoupling,
both via scalar or vector mediator.



