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INTRODUCTION



DARK MATTER CANDIDATES

[Roszkowski 04]
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Primordial abundance of stable massive species
[see e.g. Kolb & Turner '90]

The number density of a stable particle X in an expanding Universe is given by the Bolzmann equation

dZ’_tX + 3Hnx = (6(X + X — anything)v) (ngq — n?X)

Hubble expansion Collision integral

The particles stay in thermal equilibrium until the interactions

are fast enough, then they freeze-out at xry = mx / T Relativistic
............................................................. e
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Formx ~ 100 GeV a WEAK cross-section is needed !
Weakly Interacting Massive Particle ; \ : -
10 1/x 100

For weaker interactions need lighter masses HOT DM !



THE WIMP CONNECTION

Early Universe: 2o pas h?  Direct Detection:

DM\ DM \ / R

any
DM
/Oft:wlpb q/ \q

Colliders: LHC/IL.C Indirect Detection:

€, q\ /DM DM\ /;, qW,Z,”
€ Q/ \ DM DM/ \e, e W,Z,Y
8

3 different ways to check this hypothesis !1!



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



FIMP/SWIMP

< The FIMP/SuperWIMP type of Dark Matter production

i1s effective for any mass of the mother and daughter particle !

< Indeed if the mass ratio 1s large the WIMP-like density of
the mother particle gets diluted:

QW2 % BR(Z — 1) Qsh?

< Moreover also the FIMP production is dependent on the
decay rate of the mother particle not just the mass and can
work also for larger masses...

QFI12 — 1027 gs Myl — 1)

32 2
g*/ Hs:




F/SWIMP CONNECTION

Early Universe: 2o pas h?  Direct Detection:

&

WU\? Y NONE...
\ DM
Colliders: LHC/ ILC/) Indirect Detection:
WIMP »°
E) q\ / PM DM /g, q,WZ,/Y
c, q/ \ ek SM \e) q)WZ)fy
decaying DM |

DM
3 different ways to check this hypothesis !1!



WHICH MODEL BEYOND THE SM ?

-

\_

weakly
coupled

\

J

Cosmology

<

> strongly
coupled

(Collider-based)
Particle Physics

To pinpoint the completion of the SM, exploit the

complementarity between Cosmology and Particle Physics
to explore all the sectors of the theory:

the more Weakly coupled and the more strongly coupled to
the Standard Model fields...

Best results if one has information from both sides,

e.g. neutrinos, axions, DM, etc... 7?77



Gravitinos can interact very weakly with other particles and
therefore cause trouble in cosmology, either because they
decay too late, if they are not LSP, or, if they are the LLSP,

because the NLSP decays too late...

If gravitinos are in thermal equilibrium 1n the Early Universe,
they decouple when relativistic with number density given by

ms /o Greeys Warm DM |
g/2h% = 0.1 ) (=)
3/2 0.1keV 1006.75 [Pagels & Primack 82]

If the gravitinos are NOT in thermal equilibrium instead
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[ Bolz, Brandenburg & Buchmuller 01],
[ Pradler & Stetfen 06, Rychkov & Strumia 07]



THE GRAVITINO PROBLEM

The gravitino, the spin 3/2 superpartner of the graviton,

interacts only “gravitationally” and therefore decays
(or “is decayed into”) very late on cosmological scales.

ﬂ M3z N
[ Kawasaki, Kohrl Mor01 & Yotsuyanagl 08_ T3/9 = 6 X 1078 ( )
s 100GeV

A ] BBN i1s safe only if the
gravitino mass 1s larger

than 40 TeV, 1.e. the lifetime

1s shorter than ~ 1 s, or if
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THE MODULI PROBLEM

‘Choi, Park & Shin 13]
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Ways out: heavy moduli or dilution factor, e.g. thermal inflation.
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A SIMPLE WIMP/SWIMP MODEL

|G. Arcadi & LC 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. :
>\¢1LdRZ + )\EﬂRdRZT

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 |

—P 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 My > 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
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DM decay observable

in 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:

’ e s — D
Is pp = 2.1 X 10°m gy ( > ) l (ﬂf?’”:’”hg) ( 9+ )—-‘-"EL’

1TeV 0.11 100

mpn
Very long apart for small DM mass, 1.e. T = <

mgf

Moreover imposing ID “around the corner” gives

_ ik gl Ty YA iy Qcpmh?\ [ ge \3/2
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At least one decay could be visible !!!




Y, COMBINED DETECTION

Still possible to have [G. Arcadi, LC & F. Dradi 1408.1005]
multiple detection of ' ' '

1077

Displaced vertex

- DM decay: o5 L only

MMy Fw s )\)\/

- displaced vertices o~

/ < | _,,-f-f::_._%:?.“-ff-""'
letect ’f ]
mp Tpsy - X 7 S

':.-!

- metastable tracks
/
my; FE,SM <X = A -1
with stopped tracks maybe .. MPonly
both -2 e
I'ssm, s pm I s 2000

mz g (GeV)

[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...



BEYOND THE SIMPLEST MODEL

[A. Biswas, S. Choubey, LC & S. Khan 2017]

Apart for minimal models, more complex models are possible,
e.g. agauged U(1l)r, _1, where the neutrino masses are
generated radiatively and two RH neutrinos are FIMP DM
produced from the gauge boson, itself a FIMP...

One realisation 1s given by

Gauge Baryon Fields Lepton Fields Scalar Fields
| Group | Q% = (ub,d)! vl | dY | LY = (vh,eh ) |ehs |NL | on |ou| 7
'SU(@), 2 111 2 11 2]1] 2
| U(1l)y 1/6 2/31-1/3 —1/2 —1/ 0 [1/2/ 0 [1/2
|z | + [+1 % | + e [ | ol [oie [ =

Contains an complex mert doublet 77 , an additional scalar OH
to break the U(1)z,, 1, and an additional massive gauge boson



FIMP FROM A FIMP

[A. Biswas, S. Choubey, LC & S. Khan 2017]
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decay... 5
Need though a very small H

l. 1 = —— Mg =2TeV i
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the FIMP mechanism: ' —— MamOoTeV
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DECAYING FIMP FROM A FIMP

[A. Biswas, S. Choubey, LC & S. Khan 2017]

In this case the mass splitting between the RH neutrinos 1s

small due to the U(1);, 7, and the heavier can decay into
the lighter one giving rise to a keV line if the mass splitting

1s 1n that range...

The right lifetime 1s obtained for masses of the RH neutrinos

in the 100 GeV range and scalars in the 1076 GeV range.
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SUSY MODELS STILL ALIVE

Barr & Liu 2016
pMSSM pomts surv1v1ng after LHC-13 data | |
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Wino DM challenged by Indirect Detection, but Higgsino

parameter space still viable (and also some Bino-like...)



WELL-TEMPERED NEUTRALINO

Relic density strongly dependent on neutralino nature !1!

[ Arkani-Hamed, Delgado & Giudice 0601041 |

6.2 I

Bino

Higgsino

lu Il | | I sl | 1m 1 1 | | im:’
M (GeV)



HIGGSINO DARK MATTER

The Higgsino DM region mostly covered by Direct Detection:

[GAMBIT coll. 1705.07917]

GAMBIT 1.0 CAMBIT [
| ] | | | ] | | I |
1.0 ¥ ]
— 0.8 =
— = it —
e i = :‘-IE
= 7 = 3
Y - ] Al
b i b= b
-, - T, Y
s — e
= LUX 2016 £d = — LUX 2016
2 XENONIT (2ty) & i » === XENONIT (2ty] g
~ SQnNAT XENONnT/LZ (20ty) =09 | ¢ - XENONDT/LZ (20ty) —
MSSMYT l . ] m e N DARWIN (200ty)
, . JARWIN (200t ) - ; =
* Best fit Sl - MSSMT7 i
i calvivs
ji e g . g i T '
0 1000 2000 3000 0 1000 2000 3000
m ..-‘I]:- {(J[“‘L'" J' m‘i[l] (GEV)

- PRy R Fy . 3 _q__]_ ay m & -y At - I} . 3
B {; co-annihilation A/H funnel X7 co-annihilation [ b, co-annihilation [ //Z funnel

Nevertheless for other compositions low cross-section 1s
possible



BINO-GLUINO
COANNIHILATION

For non-universal gaugino masses also the gluino plays a role
and extends the mass to the multiTeVs !

[Ellis, Evans, Luo & Olive 1510.03498] [ Nagata, Otono & Shirai 1701.07664]
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GRAVITINO DM IN PMSSM

[Arbey et al. 1505.04595]

Take neutralino DM or gravitino DM with neutralino NLSP
within the RPC pMSSM with 19+1 parameters, 1.e. no

unification assumption, flavour & CP conserving SUSY

breaking. Impose all constraints from low energy, flavour
observables, LHC SUSY searches and monojets, as well as
DM density and BBN limits on neutralino NLSP...

[ Gravitino LSP ‘

’n.ug <Qh’< 0.153]

10°<Q h’< u.153|




GRAVITINO VS NEUTRALINO DM

The neutralino compositions is very
ditferent, so only half the neutralino DM
points will be excluded by LHC-14,
while 75% of the gravitino DM points...

[Arbey et al. 1505.04595]
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GLUINO MASS IN PMSSM

In the generic pMSSM limits on the gluino mass are less
strong than in constrained/simplified models !

[Arbey et al. 1505.04595]
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HEAVY SUSY 7?7

Maybe the arguments requiring SUSY at the EW scale

like naturalness are just red-herrings and instead

SUSY 1s much heavier...

Indeed there are instead some counterargument in favour
of heavy SUSY from successtul cosmology and not only:
e.g.

Gravitino and moduli problems
as well as the flavour problem, 1.e. heavy squarks fit
better than light ones with the SM-like nature of the
CP violation in the quark sector and other flavour

observables like b to s gamma.



NLSP Mass (GeV)

BBN BOUNDS ON PMSSM

| Cahill-Rawley et al 12]
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Many points for various NLSPs excluded by BBN: only the

sneutrino survives to large gravitino masses.

Heavy NLSP 1s actually preferred !



GRAVITINO DM IN PMSSM

[Arbey et al. 1505.04595]

Interplay between gravitino production and gaugino masses
very strong: high I R 7 region corresponds to light gauginos
and 1t 1s more easily tested as well as SuperWIMP region !

| RS R | s TR e e e
_ G 10 =
l z ﬂ.. Srna _a_]_Pr()duCtl()nl
B g9 : 3
h —0.4 4: i —0.4
- I i
™ 2 ber W [ V1P Hig
S O O |, .. 14TeV, 300£b"

500 1000 1500 2000 2500
M(x") (GeV)

1 L1 1 _Iﬂ
200 1000 1500 2000 2500

M(x]) (GeVv)



GRAVITINO DM & GLUINO

[Arbey et al. 1505.04595]

Gluino mass 1s an important parameter in gravitino thermal

production: the next LHC run will probe the parameter space

compatible with classical (no-flavour) thermal leptogenesis.
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R-PARITY OR NOT R-PARITY

| Buchmuller, LC, Hamaguchi, Ibarra & Yanagida 07]

Actually there 1s a simple way to avoid BBN constraints: break

R-parity a little... | Then the NLSP decays quickly to SM
particles before BBN and the cosmology returns standard.

Wrp= piL;H, + ALLE® + NLQD® + N'TPDe

no p decay
Open window:
e LR BB S
For the NLSP to ! To avoid wash-out

decay before BBN of lepton number

Explicit bilinear R-parity breaking model which ties R-parity
breaking to B-L breaking and explains the small coupling.



GRAVITINO DM & T RH

The LHC run 2 already constrains the heavy T_RH scenario
for gravitino DM with bilinear RPV :

[Ibe, Suzuki & Yanagida 1609.068341
Tr=1.4x10°GeV, neutralino NLSP

Tr=1.4x10°GeV, stau NLSP
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HIGH SCALE SUSY
FOR BARYOGENESIS



UNIVERSE COMPOSITION

Heavy Elements
0.03%

Universe Mass
Composition

Neutrinos
0.3%

Free Hydrogen
and Helium
4%

Dark Matter
23%

Dark Energy
72%

Why QDMhQ i) QBhQ !

NASA Figure



BARYOGENESIS IN RPV SUSY

RPV superpotential includes couplings that violate
baryon number and can be complex, 1.e.

Possible to generate a baryon asymmetry from out-of-
equilibrium decay of a superparticle into channels with

different baryon number, e.g. for a neutralino
B — udd, udd, §qq

Initial density of neutralino can arise from usual WIMP
mechanism, since the decay rate 1s very suppressed !



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 Cui with Bino decay via RPV B-violating coupling.

d;

4 B,

e d* \
v 9 7
/ d, //+ 7
T :
)\N u )\//
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

d 5

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
(QAB = R X — B) Q77
mx ( ) Al Small numbers
OpM = Tr:r[: BR(x — DM + anything Q;—mo
X

GkEss - ecp BR(x — B) independent of
Qprv mpym BR(x — DM + 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.

V | d, [ @
. “ f)) g A (’ ’//
(/ \ ( ' > (/, (/
\ | ANL - - o
' :(/ (l
d N Uy U

CP violation can be provided either by a phase difference
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 degenerate
squarks... Study of full flavour structure with general squark
mass spectrum 1s on-going [G. Arcadi, LC & F. Kirk work in progress]



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 '



THE REVENGE OF THE WINO

[Arcadi, LC & Nardecchia 1507.05584]

Main contribution to the wash-out processes comes from
the Wino, which can also coannihilate with the Bino !!!
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The Wino has to be suthciently heavy to avoid keeping

Bino in equilibrium and suppressing its density !

Yapx101°



THE REVENGE OF THE WINO Il

[Arcadi, LC & Nardecchia 1507.05584]

But with very heavy Wino, another problem arises: the
gravitino can be overproduced by freeze-in from the Wino !
Same problem with the heavy squarks, but there one could
think that they are too heavy to be in thermal equilibrium...

FI 12 My N2 Ao
QS/Qh @ hil <1O TeV) (1 TeV)

m3/2 )1/3
1 TeV

SuperWIMP production of DM, together with baryogenesis,

—>  my <362TeV (

is realized only in a small window of Wino masses.
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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(B — P39 +any) << egp

Need a large gravitino
mass to compensate &
obtain 2pys ~ 5 (g,
not so simple explanation

after all..., but still possible
with M3/2 < g




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 = wrdidi) = 751 mé]\/ﬂ%

— 0.26 x 10°%s o e (m3/2 )_7 G :
B 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 in this scenario the lightest SUSY particle and
may be produced at colliders; but 1t should be not too much

lighter than the Bino, 1.e. myz ~ 0.1 — 0.4 mpz ~ 7 — 28 TeV,
possibly in the reach of a 100 TeV collider.

ct- ~ 1.5 cm )\— He0 ( L )
: ’ 0.4 4 x 107GeV 7 TeV

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.



OUTLOOK



OUTLOOK

- The search for a DM particle continues on all fronts, but

particularly for Dark Matter candidates with a working
production mechanism, like FIMP/SuperWIMPs.

- The FIMP/SuperWIMP framework 1s quite general and
could point to decaying Dark Matter and possibly heavy
metastable particles or displaced vertices at LHC with
different decay channels.

- Supersymmetric models are still alive and actually heavi(er)
than expected SUSY may give some advantages in
cosmology, e.g. baryogenesis via RPV

- We are still exploring the parameter space of Dark Matter
interactions, and hopefully a discovery is on the way !



