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Why QDMhQ ~ 9 QBhQ ?




SAKHAROV CONDITIONS

Sakharov studied already in 1967 the necessary conditions for
generating a baryon asymmetry from a symmetric state:

2 B violation: trivial condition since otherwise B
remailins zero...

2 C and CP violation: otherwise matter and antimatter
would still be annihilated/created at the same rate

¢ Departure from thermal equilibrium: the maximal
entropy state 1s for B = 0, or for conserved CPT, no
B generated without time-arrow...

Now exactly the same conditions have to hold also for the
generation of a Dark Matter Asymmetry !



ASYMMETRIC DARK MATTER

[Griest & Seckel ‘87, Kaplan, Luty & Zurek 90, ...]

Assume 1nstead that there 1s an asymmetry stored
in DM as 1in baryons: DM asymmetry generated in
the same way as the baryon asymmetry..

[t may also be generated together with the baryon
asymmetry and then it 1s natural to expect

the SAME asymmetry 1in both sectors.
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The puzzle of similar densities can be given by
similar masses !



ASYMMETRIC DARK MATTER

[Griest & Seckel ‘87, Kaplan, Luty &Zurek 90, ...]

The simple picture 11,5, = 5 m,, can be extended
by taking into account the Boltzmann suppression
factor at the time of creation of the asymmetry:
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ASYMMETRIC DARK MATTER

[Griest & Seckel ‘87, Kaplan, Luty &Zurek 90, ...]

Otherwise B-L can be produced and then
reprocessed into DM/B/L by sphaleron processes.
All other coupling exchanging DM/B frozen out !
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ASYMMETRIC DARK MATTER

Simp.

out-of-ee

[Griest & Seckel ‘87, Kaplan, Luty &Zurek 90, ...
Falkowski, Ruderman & Volansky 2011]

e mechanism to generate such case:

uilibrium decay of a particle producing

both B-LL and DM, e.g. even decay of a RH neutrino

N,
A\ N / \\ LH

Need similar CP violation in both sectors !



CP VIOLATION FOR ADM

[A. Biswas, S. Choubey, LC & S. Khan 2018]

The CP asymmetry in the decay has generally

contributions from both lepton/DM sectors:
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CP VIOLATION FOR ADM

[A. Biswas, S. Choubey, LC & S. Khan 2018]

The CP asymmetry in the decay has generally

contributions from both lepton/DM sectors:
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But the wave-function contribution

with virtual leptons/DM

can dominate both asymmetries and give €p — €p !



CP VIOLATION FOR ADM

[A. Biswas, S. Choubey, LC & S. Khan 2018]

The CP asymmetry in both decays comes from the
same phases, contained in the neutrino sector, since
the DM couplings can be chosen real:

e ., B3R
€D  201a5Im 3(yTy)3s)

For one real and one imaginary columns of Yukawas, then

we have Real ((yTy)T2)2 and exactly €¢ = €D .

Similarly in case of cvycvo > ‘ (yTy) 12>l<| we also obtain

practically equal CP violation in the decays.



Yn,

A MINIMAL ADM MODEL

[A. Biswas, S. Choubey, LC & S. Khan 2018]
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Even if the CP

parameter
1s the same, also
wash-out processes

play a role and

naturally give a
larger asymmetry
in the DM sector
than in the lepton

sector !



ASYMMETRIC DARK MATTER

But DM must annihilate suthciently strongly to
erase the symmetric DM component, so it must
interact more strongly than a WIMP (in our case
within a hidden sector).
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Strong coupling...

[t may accumulate

in stars and change
nyt | the star evolution...
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DD IN AN ADM MODEL

[A. Biswas, S. Choubey, LC & S. Khan 2018]
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Due to the mixing of the
scalars after EW
symmetry breaking,
the DM scatters with
normal matter via

as: [em’|
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intermediate Higgs and

could be detected in DD
(but beware of the
Mpy |GeV| Cancellation!)
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FIMP/SUPERWIMP/
DECAYING
DARK MATTER



SUPERWIMP MECHANISM

|JE Kim, A.Masiero, D.Nanopoulos Phys.Lett. B 139 (1984) 346-350]
P
|[LC, JE Kim, L. Roszkowski Phys.Rev.Lett. 82 (1999) 4180-4183]

. [J.L. Feng et al. Phys.Rev.D 68 (2003)063504 ]
< A long-lived WIMP ]

particle can decay after . !

decoupling and produce
the DM population: -

Thermal equilibrium |

Freeze—out -

< In the decay also other S
particles are produced, :
but they should not .
disrupt BBN or any :

: _ I S ‘
other cosmological 8 - 100 1000

Observable. » X' = m /T (time -)



SUPERWIMP/FIMP PARADIGMS
WIMP vs FIMP Dark Matter

d
S 43 Hny = —(vay) [n2 — (n59)?]

log1ox

[Figure from N. Bernal’s talk at Invisibles18]

Instead of starting from thermal equilibrium, consider the opposite case:

a particle so weakly interacting that is not initially in equilibrium, but it 1s
driven towards it by the interaction with particles in the thermal bath.
Same Boltzmann equation, but different dynamics !



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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produced
by WIMP
decay in
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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



SUPERWIMP /7 FIMP

< 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:

OSW 2 %;_ BR(Z — 1) Qsh?

< Moreover the FIMP production 1s dependent on the decay
rate of the mother particle not just the mass and can work
also 1n different parameter regions...

QFI1L2 — 1027 gs myl'(X — 9)

3/2 2
g*/ Hbs




F/SWIMP CONNECTION

Early Universe: Qo pas h?  Direct Detection:

2

WU\? any NONE...
.
Colliders: LHC/ILC/) Indirect Detection:
= q\ WH\yDM DM /;, o W.Z,Y
eq \ : S \e, aW.Z,Y
decaying DM |

DM
3 different ways to check this hypothesis 11!



F/SWIMP CONNECTION

Early Universe: Qo pas h?  Direct Detection:

\ Usually Suppressed, apart
WIMP any if the mediator 1s light or
/ kinetic mixing 1s present...
\ DM
Colliders: LHC/ ILC/) Indirect Detection:
WIMP ~;
e, q\ 7o DM it e, qW.ZY
o \ .+ SM \e’ eW.ZY
' |
\ DM decaying DM |

3 different ways to check this hypothesis 11!



F/SWIMP CON

Direct Detection:

Early Universe: QC DM h?

\
WIMP Q
\\‘I‘)M

Colliders: LHC/IL.C Indirect Detection:
/

Usually Suppressed, apart
if the mediator 1s light or
kinetic mixing 1s present...

WIMP
€, q\ 3 DM e, , W, Z,”)
e,q/C\ . SM O\e,q,wz”y
|
DM decaying DM |
3 different ways to check this hypothesis 11!



DIRECT DETECTION OF FIMPsS

Direct detection experiment start to become sensitive even to
tiny couplings, if there is a suthcient enhancement by the
number density or a light mediator/Dark Matter !

[ Essig, Volansky & Yu 2017] [Hambye et al. 1807.05022]
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Noihere electron scattering !!! But also low T_RH: F. Costa



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 !

— FIMP/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; 2> My, -

Decay into 3 quarks via both couplings !

To avoid bounds from the antiproton flux require then
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DECAYING DM

< The flux from DM decay 1n a species 11s given by
1 A 1
®(0,F) = ds p(r(s,0))

oM AE ATmpy Jios.
Particle Physics Halo property J(@)

< Very weak dependence on the Halo profile; what
matters 1s the DM lifetime...

@ Galactic & extragalactic
signals are comparable...

tr)

f% Annihilating DM

< Spectrum 1n gamma-rays

NE 5
ol0°r
]

given by the decay channel!

Smoking gun: gamma line...
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A SIMPLE WIMP/SWIMP MODEL

Q¢,h2 = 0.11

N
AR DM decay observable
~ . N FIMPB | SRS .
E? NI 0.01 in indirect detection
SHEERNEEN BR(Z — ) & right abundance
~ . N S T e & sizable BR in DM
= )‘19 ~ Ay
T But unfortunately
S NN | Y. decays outside
Ll RN the detector @ LHC!
, o DM lifetime Perhaps visible
B T decays with a bit of
Log! hierarchy...
[G. Arcadi & LC 1305.6587] Log(Ay) : )



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 — -
Is pp = 2.1 x 10°m gy ( > ) l (ﬂf?'ﬂﬂfhg) ( G+ )—-‘-’nfl

1TeV 0.11 100
. Mpm
Very long apart for small DM mass, 1.e. & = <k
ms: .

Moreover imposing ID “around the corner” gives

o X g AL Ty NEL B Qcparh? Gy \3/2
s sp >~ 55 m ( = ) ( : ) ( 7 ) ( ' )
' gs \1TeV 10GeV 10°"s e 100

At least one decay could be visible !!!




Y, COMBINED DETECTION

Still possible to have
multiple detection of

- DM decay: ;
MMy Fw — A
- displaced vertices
/
s Esvteqr = A
- metastable tracks
my I'ssy < X = N
with stopped tracks maybe

both
" T's s, I's.pum

_.1!

|G.

1077

107" |

10-9 |

1|:|— 1]

107k

Arcadi, LC & F. Dradi 1408.1005]

Displaced vertex

only
'[-IL:' tect | | [!]___F.:f:"f-' \
MP only
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[t 1s possible to over-constraint the model and check the

hypothesis of FIMP production !



LHC AND COSMO BOUNDS

[G. Belanger et al. 1811.05478]
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Here DM is the scalar and the Fermion 1s charged under QCD



FIMP FROM A FIMP: SFIMP

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

10”7
Note: more complex

models are possible, e.g.

a gauged U(l)LM—LT 10_12__

where the neutrino
masses are generated 107"
radiatively and two RH
neutrinos are FIMP DM
produced from the gauge
boson, itself a FIMP...
Need though a very small
gauge coupling:
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AXION
DARK MATTER



STRONG CP & THE AXION

The OCD vacuum has a non trivial structure, as a
superposition of different topological configurations,

giving rise to strong CP problem from the term:

SRR B 't Hooft 76]
But from the bounds on neutron el. dipole moment @ < 102

Peccei-Quinn solution: add a chiral global U(1) and

break it spontaneously at f,, , leaving the axion,

a pseudo—Goldstone boson, Interacting as
Q/H/q

OKS b Tl
Lpg = St PG gl eo rn




AXIONS AS DARK MATTER

The axion 1s also a very natural DM candidate,
but 1n this case in the form of a condensate,
e.g. generated by the misalignment mechanism:

Before the QCD phase transition the
@ potential for the axion 1s flat

@ After the QCD phase transition a

potential 1s generated

X /”/ : V e A4 1 el 9 S eyt
P 5 (CL) QCD ( COS ( BY fa> )

by instanton’s effects and the axion

e the minimum:

. £, 7/6 , Starts to oscillate coherently around

zero momentum particles >> CDM !
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AXION’S DYNAMICS

[ Arvanitaki, Dimopoulos et al. 2009]

ey

N 100

0.3 I.£ 1.5
Tine -0

The axion starts to oscillate after the QCD phase transition
and depending on the initial condition 6; (including non-
harmonic effects), different axion densities survive.



AXIONS AS DARK MATTER

Their energy density by misalignment 1s

; foc e
O,h? = 0. - 9
= (1012G6V>

1

Axions can contribute to star/SN cooling and so

055510 2GeVa < 1 £ 10°4GeV

[Raffelt 98]

Therefore the mass for axion DM 1s very small:

=
St -5 fa



AXION MINICLUSTERS/STARS

| Eggemeler & Niemeyer 2019]
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AXION’S CONSTRAINTS
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Log, & [GeV'I]

ALPS DM

[Arias et al 1201.5902]
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http://www.phys.washington.edu/groups/admx/home.html

EXTENDED KSVZ MODEL

[LC & S. Khan 2205.10150 [hep-ph]]
We add to the SM an additional U(1) symmetry, two Higgs
fields connected to its breaking and two sets of exotic colored
fermions to generate the PQ-QCD anomaly:

Gauge | Baryon Fields Lepton Fields Scalar Fields
Group | QY |uy, | Y Ls | Ly | Ly | e B p,R.'rR ¢,
SU2), | 2|1 1 2 2 2 1 |1 1 2
U(l)y |1/6]2/3] 173 ] 172[ 172|120 1|1 172
UM x | m|m| m I n n Tie |70 T
Ul)po| 010 | 0 |—2g.| O 0 |—2¢,/0 0 0
Gauge Fermions Scalars
Group Ni | No | N3 | ¥ | ¥R | XL | XR & b2
SU(3)e, SU(2), | (1,1) (1, 1){(1,1)(3,1)|(3,1) (3, 1)-(3,1) 1 1
Uil)x ne | n | n | ap | ag| 8L Br oL oarBL— Gk
U(L)re 29, 0 | 0 | Qu| @ | & —Ga 29, | 2,
Zn -1 1 1 1 1 -1 -1 1 1
No. of flavors 1 1 1 Ny | Ny | Ny | N, 1 1




NeutroN EDM FROM GRAVITY

[LC & S. Khan 2022]

In this model the PQ symmetry 1s only accidental and it 1s
broken by gravitational effects via higher order operators.
The shift of the theta term 1s strongly suppressed due to the
different charges and large number of fermions:

(M7)? 9 V) Yy ® (M + mg)*

(MGQCD)2 N z\fw!N\,! (\/§)lvz)+]\r\( MIZYEJ+NX—4 (f” m'“ )2 7n’l2tm(2i

A =

together with the lower bound 1n f_a from astrophysics,
it implies that about 10 exotic fermions should be present
to avoid the a too large contribution to the neutron EDM |

The minimum of the axion potential is shifted !
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AXION & EDMS

Viable axion with EDMs maybe behind the corner...
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[, [GeV]

AXION & FIMP DM

Models with two DM candidates possible, e.g. axions and
RH neutrinos FIMPs...

[LC & S. Khan 22]

I I ™ I I
Al g = 3 1072
107} —— My = | GeV
L L == IVI}:, =6 GeV
—— My, - 10 GV
— Qh°-0.12
T W'y
1/
10 3¢ ,.’ s
c/, /I
) 74
!E jon 2 '//
e 17
0 /= < e
107 JI/E G D
i W = B , G T
‘" E h /)(/("ﬁ!'
i/
10" X Ll il o ) el o raenl L'.I aehddial - FRRTTI - Al Adodd IR ETT PRI R T| BT | .|J
10 10° 10" 102 103 10 10! 10 10° 0.01 0.1 1 10 100 1000 10
o

vy |GeV)



Gury (G

AXION DM SEARCHES

|ADMX 2110.06096]
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AXION DM SEARCHES

The right abundance can be obtained if the Peccel-Quinn scale
is of the order of 10''7!'* GeV and the mass in the ,u, eV.
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OUTLOOK



OUTLOOK

< From the theoretical perspective, we have a few “natural”
ways for DM production, not only the WIMP, but also the
ADM/FIMP/SuperWIMP mechanisms or misalignment

for light scalars/axions.

- WIMPs are still a promising target, searches are being
extended to low masses in DD and higher masses in ID.

< The FIMP/SuperWIMP framework 1s quite general and
could point to heavy metastable particles/displaced vertices
at LHC or decaying DM.

- Finally axion experiments are finally reaching the predicted
QCD axion band, more to come !

Stay tuned, the race is still open, also for dark horses...
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