Dark Matter

At the present time dark matter acts as a cosmic glue keeping together

stars in galaxies and ..... galaxies in clusters of galaxies
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~but it also needs to be primordial to understand structure formation and CMB anisotropies
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WIMP miracle

Freeze-out + WIMP = EW scale (WIMP miracle)
< OannV >t 3X10726cm3 s~1

2
< ofeky > =k = < g, Sy
X

= myx~100 GeV-1TeV~ EW scale

embeddable in models addressing naturalness+hierarchy problems

= it predicts new physics just at the electroweak scale (WIMP miracle)

The WIMP miracle has been for long time regarded as a strong argument in
favour of WIMPs as dark matter particles.

The lack of evidence of new physics at the TeV scale makes the WIMP miracle,
if not completely ruled out, certainly less compelling.

WIMPs are nowadays still a viable option but one out of many possible ones



Indirect DM searches with y-ray experiments
(from Aldo Morselli @ CORFU 2024)
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Combination of the observation results towards
20 dwarf spheroidal galaxies (dSphs)



Beyond the WIMP paradigm: the DM particle zoo

(from Baer et al.1407.0017)
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A new miracle?

new physics

EW

well, miraculously!



Examples of DM beyond the standard WIMPs:
* Freeze-in solution (FIMPs, super WIMPs, RH neutrinos)
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« Dark matter could decay after freeze-out
example: gravitino dark matter with R parity breaking
(Buchmuller,Covi,Hamaguchi Ibarra,Yanagida hep--ph/0702184 )

« Or both: freeze-in and decaying DM!
(example: keV seesaw neutrino solution)



Dark matter from active-sterile neutrino mixing

(Dodelson Widrow '94; Shi, Fuller '99; Dolgov and Hansen '00; Asaka, Blanchet,Shaposhnikov '05)
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(active-sterile) m,_ ‘ .
neutrino mixing N,.=V, +ﬁ1vw — lightest RH neutrino

1

 Solving Boltzmann equations an abundance is produced at T~100 MeV:

Q h*~0.1 6 (Ml jz Q_n 0* 2|mDal|2
NV T Bl 780 =~
10°{ keV M?
5
M 10°®
« For Mx<m, = 7,=5x10%s ;:/ (92 )>>7‘O

The lightest neutrino mass m; < 10->eV = hierarchical neutrino masses

The Ni's also radiatively decay and this produces constraints from X-rays (or
opportunities to observe it).

Considering also structure formation constraints, one is forced to consider a resonant
production induced by a large lepton asymmetry

L ~104 : 3.5 keV line? (Horiuchi et al. '14; Bulbul at al. '14; Abazajian '14)
The XRISM satellite (launched last Summer) should soon give a final answer



Heavy RH neutrino as dark matter ?
(Anisimov,PDB '08)

What production mechanism? For high masses just a tiny abundance is needed:

_ TeV
N, =10 9(QDM’Oh2)Ny (tpmd) M

Suppose there is a RH neutrino with tiny Yukawa couplings (e.g., proportional to a small
symmetry breaking parameter) referred to as dark neutrino Ny :

1 De2 De3 mDel 832 mDe3 mDel mDeZ 8@3
mD = 8,[11 mDyZ mD,u3 or mD = mD,ul €,u2 mD,u3 or mD = mD,ul mD,uZ g,u3
811 D12 D3 mDrl 812 mDT3 mDrl mDrZ 813

m,=V/D, U, D, =vdiag(h,hy,h.) withh <h <h,

47[ B TeV . T V 1028
Ty = =08TH 107 —s| = g, ST =10%s = h, <107 [ xS
hA MDM DM DM TDM

Too small to reproduce the correct abundance with any production mechanism
within a minimal type-I seesaw extension



5-dimensional Higgs portal-like operators as a way out
(Anisimov hep-ph/0612024, Bezrukov, Gorbunov, Shaposhnikov 0812.3622 Anisimov,PDB 0812.5085)

L = LSM + L;m + EA

Type-1 — ~ 1
seesaw _£)V/+M = L“haINI¢ + _N;MINI + h.c.
Lagrangian 2

Anisimov A _C
operator(s) £A = Z%wa NINJ +h.c.
IL.J

Ass 516 NN+ 220 616 NN+ he. (N = NN =N
—OONN =20 ONN, +he (N, =NiN;=N,)

RH-RH (sterile-sterile) Higgs-induced neutrino mixing (RHINO)
Remarks:

« from SMEFT to vSMEFT

« They are Weinberg-like operators but a further step up
« They extend Higgs portal renormalizable operator (Patt,Wilczek hep-ph/0605188)



RHINO dark matter

‘Anisimov '06, Anisimov,PDB '08)
Focus on the RH-RH Higgs-induced neutrino mixing (RHINO) operator:

l e — ~
2 t ¢ -
£A—%¢ dN.N, Aos—A/le

In general, Aps # 0 generates a dark-source RH neutrino mixing. The Yukawa and Anisimov
interactions both generate effective potentials from self-energies:

From Yukawa
interactions

From mixing
Effective mixing Hamiltonian : mixing term
AH=| 4P 1P 7 \12h0s AM? = M - M
7; AM + L h;
L 12A0s 4p 16p ° )



Density matrix calculation of the relic abundance

(P.Di Bari, K. Farrag, R. Samanta, Y. Zhou, 1908.00521)

Density matrix equation for the dark-bright mixed RH neutrinos (using
a monocromatic approximation p~3T)

|
aN . 0 E(FD + FS)NDS
d;v =—i[AH,N]_, -

1 e
E(FD +TIN_ (T, + FS)(NNS — NN"S)

Assuming an initial thermal Ns-abundance

i
| f,obs
| NNDM

| Mpw = 220 TeV

' Mg =300 GeV i

! e
/ ," A: Try = 10¥ GeV, py = 3.46x10%8
II
! B: Ty =103 GeV, py = 1.50x10%

C: Truy = 10” GeV, Tpy = 3.44)(1027




Dark neutrinos are necessarily unstable
(Anisimov,PDB '08; Anisimov,PDB'10; P.Ludl.PDB,S.Palomarez-Ruiz'16)

2 body decays (Ms>My,)

Dark neutrinos unavoidably decay today into A+leptons (A=H,Z,W) through the
same mixing that produced them in the very early Universe

o mixing angle today
EACRRTRATS] (for 610 <1)

= Lower bound on My

Npm — 2A 4+ Ns -5 3A+vs (A=W=*,Z H).

FS A\[D A\[D 2
FD—>3A+[S = ——m—mmmmmmm— e

.91l .4 M. \ X
15-2 Tt Mg Apg

= Upper bound on M,

3 body decays and annihilations can also occur but yield weaker constraints



DM lifetime vs. mass plane: allowed regions

(P.Di Bari, K. Farrag, R. Samanta, Y. Zhou, 1908.00521)

Taw = 10'°GeV
Ms = 1GeV (thermal N )
Ms = 100GeV (thermal N3 )
Ms = 300GeV (thermal N‘,;“)
Mg =10TeV (thermal N3.)

Ms = 1GeV (vanishing Ny.)

95% C.L. region where DM decays
improve the fit of IceCube neutrino
flux in addition to an astrophysical
component

It works only for initial thermal Ns abundance, unless Ms~ 1 GeV and Mpy=107 GeV

Can one think of processes able to thermalize the
Ns abundance prior to the oscillations?

Two good motivations



Unifying Leptogenesis and Dark Matter

(PDB, K. Farrag, R. Samanta, Y. Zhou, 1908.00521)

A solution for initial thermal Ns abundance:

Moy = 220 TeV, Tow = 1.07x10%%s, Mg =1 TeV, Tay = 10'* GeV




An extra component at ~100 TeV ?

IceCube 6 year HESE data (1710.01191)

Atmospheric Fluxes (reduced by self-veto in analysis) N
Prompt Upper Limit(y, +#,) [1.04x ERS] Astrophysical Fluxes
Conventional (v, +7,) (zenith-averaged) [1.07) Honda2006] (on top of atmospherlc)
: HESE Differential
HESE 2-Component - Soft (E*7)

HESE 2-Component - Hard (E*?)
v, Best Fit (prior for "Hard")
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A multimessenger analysis confirms an 100 TeV excess

isotropic y-ray high-energy = ultra-high energy
background neutrinos » COSsmic rays

(IceCube) proton (%) “w, (Auger)

calorimetricI @

-rays from " cosmogenic™., @
70 decay V4T
M. Ahlers (2017) ’

107 108
energy E [GeV]

IceCube 6 year HESE data (1710.01191)




Searches for Connections between
Dark Matter and High-Energy

Neutrinos with IceCube

IceCube Collaboration

(2205.12950)

2.50 significance when compared to the null hypothesis
best fit point: mp=386 TeV, 15=2.8x10%7 s



Very high energy neutrinos from N, decays

(Anisimov,PDB,0812.5085.;PDB, P.Ludl|,S. Palomarez-Ruiz 1606.06238)

» Dark neutrinos unavoidably decay today into A+leptons (A=H,Z,W) through the
same mixing that produced them in the very early Universe

» The produced neutrinos can be responsible for the excess at ~100 TeV in IceCube

Example: Myu=300TeV

[ ] IceCube data
s Total
atm. p IceCube
atm. v IceCube
astrov (y=2 ; ¢ =1.6)
DM decay (MDM =300 TeV ; Ton = 10% s)
Total IceCube best fit (60 TeV- 3 PeV)
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(from 1606.06238)



Lower bound on the lifetime of decaying DM

RHINO's
Cl”OWCd ' ASCADE Cran . ORNOG |
region = |

© TAMBO
YCASA-MIA v
B EAS-MST
2~ YCTA 9 A

4 : 2> I YFermi-LA®D ‘(Cohen et aty 4 YFermi-LAT
YLHAASO S

/

I('t\(‘ulwi//' y
/
YHAWC
Q SK atm. = ,
-~ - ¥IceTop

=
7
i
// e
P YCTA (Queiroz et al)
v
/

Q Borexino

102 108 10*  10° 105 10"  10®%  10° 101 101t
my, (GeV)

—_
(e
[I\j
—_
O L
L
—_
S
[<=)
—
S
—

FIG. 2: Constraints on the lifetime of dark matter decaying to neutrinos x — vv. Solid lines bordering
shaded regions represent limits from existing neutrino telescope data, solid lines without shading correspond to
limits from existing gamma-ray observatories (as shown in Fig. 3), and dashed lines show the reach of future
experiments. Labels with a heart symbol (9) correspond to limits derived for this work.

(Arguelles et al., 2210.01303 )




DM lifetime vs. mass plane: allowed regions

(P.Di Bari, K. Farrag, R. Samanta, Y. Zhou, 1908.00521)

Taw = 10'°GeV
Ms = 1GeV (thermal N )
Ms = 100GeV (thermal N3)
Ms = 300GeV (thermal N‘;“‘)
Mg = 10TeV (thermal N3)

M3 = 1GeV (vanishing Ny.)
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What processes can thermalize the Ng-abundance prior to the oscillations?



Including Higgs portal interactions for Ng

(PDB, A. Murphy, arXiv 2210.10801) effective scales
yl A A
[ = _0s ¢T¢ N¢ N _I_iqﬁq) NN Aps = A/Aps
A A Y A S S ~ i
ASS = A/ ASS

Can these interactions thermalise the source neutrinos prior to oscillations?
Let us modify the kinetic equations including these processes:

|
0 E(FD+F5)ND5

dN ,
de =—i[AH,N]_, -

1 N N N <G¢¢—>NSN5V> N2 INK >
E(Fo tTIN,, (T, +T,X N, NS) * R3 ( N, N )
(O nn A(z=1) 1
A(Z) = W 2. (o v) ~ (Kolb, Long,
R*Hz z° WNNg “T>>M, ~2  1708.04293)
A Ass

3 £(3) / 90 MM
Alz =1) = o' P
= (Z ) g/\/ 16 71_3 871'39/2 XZS



Condition for the thermalisation of the N abundance

(PDB, A. Murphy, arXiv 2210.10801)

2
A T 16
>N (z <<z<<1)-N_(z)=—1=10x in lONGeV ~1
Ny~ in Ng™ ™ 7 10°GeV Ass

n

T TRH = 1016 GeVv
~Tru =10"%Gev

Tru = 10" Gev
" TTrH = 10"3Gev

~ " Tru =10'2GeV

“Try =10"1GeV

TRH = 101%GeV

Mg = 300GeV,
Mp = 220TeV,
Tp = 3.46x10%s &
Aps = 3.39x1023GeV,
Ass =107°GeVv




The scale 10¢ 6eV maximises the production of DM

[ I

Ms = 300GeV,
Mp =220TeV,
Tp = 3.46x10%s &

I‘Ds =3.52x102°GeV

~TrH =Ass = 1016GeV
"""TRH = Kss =10"5Gev
Tru = Ass = 10"4GeV
" “Tru =Ass =10"3GeV
Tru =Ass = 10'2GeV
Tru =Ass = 1011GeV
TRH =Ass =1010GeV

TRH = i\ss =10%GeV : i
10-30 | | | | | i L | i | |
104 10* 102 10" 100 10 10-8 107 10-6 10-5 104 103




DM lifetime vs. mass plane: allowed regions

(PDB, A. Murphy, 2210.10801)
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The scale of new physics cannot be made too much lower the GUT scale in order to explain the

IceCube excess (respecting the LHAASO lower bound) A RHINO l\'\iPOC| Y,



A possible 6UT origin ? Heavy fermion F as mediator

(Anisimov,PDB, 2008; PDM, A. Murphy 2210.10801) & .
Lo=FGd—M)F =Y 4 (F N+ Nig' F) . / Sb
, \
TYsp
F
Ysb
Nsp

This time one can have one scale A=Mg~M¢t and for ys~1 and yp~10-":

A 10%6eV  Ass =D~ A~10%GeV Apy = - ~100GeV

ne YsYs Y oY o

Aps =

yp~10-7 can be understood as a small symmetry (e.g. Z,) breaking parameter



Conclusions

O The matter-antimatter asymmetry puzzle might be related to an
explanation of neutrino masses, this seems today the most attractive
scenario. Discovery of Ovpp would be a strong evidence

0 The dark matter puzzle has different solutions, some of which could
also be related to neutrino physics.

Q A solution of both puzzles seem to be nicely embeddable in grandunified
models



