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Type-l seesaw

In the SM we only have left-handed v
Add the right-handed counterpart N 2 Complete SM singlet



Type-l seesaw

In the SM we only have left-handed v

Add the right-handed counterpart » Np Complete SM singletl

T
&2 = LY ANg = —NgMNg + h .c.

P. Minkowski, Phys. Lett. B (1977)

R. N. Mohapatra & G. Senjanovic, Phys. Rev. Lett (1980) New scale not related to
T. Yanagida, Conf. Proc 7902131 (1979) EW symmetry breaking!
M. Gell-Mann et al. Conf. Proc C790927 (1979)



Massive neutrinos

Type-|l seesaw

In the SM we only have left-handed v
Add the right-handed counterpart NR Complete SM singlet
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Type-|l seesaw

/'

Relation between _
flavor and mass basis 14 al. — LnN

‘Need at least 2 Np to explain oscillation data \

A. Ibarra & G. Ross, arXiv:hep-ph/0312138
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Type-l seesaw: constraints

Relation between

flavor and mass basis U ol — UaiP LV ] + UaNP LnN
Z-boson invisible width
My
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Charged lepton flavor violation



Massive neutrinos

Type-l seesaw: constraints

Relation between

flavor and mass basis v al. — UaiP LI/ l + UaNP LnN
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Collider constraints

s Z-boson invisible width

U ]2 < 2.6- 10 at 95% C.L. |3
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Global bounds for my, 2 M, Z ’W< )

M. Blennow et al., arXiv:2306.01040 Vi
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Heavy-Neutrino-Limits by
E. Fernandez-Martinez et al., arXiv:2304.06772
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https://github.com/mhostert/Heavy-Neutrino-Limits

Neutrino dark matter

L 1
% > —L,Y,ANy — —N3MNy + h.c.

\ New scale not related to
ing! |
Need at least 2 Ny to explain oscillation data | EW symmetry breaking! ,

A. Ibarra & G. Ross, arXiv:hep-ph/0312138

Add a third Ny with M ~ O (keV) I




Neutrino dark matter

L 1
% > —L,Y,ANy — —N3MNy + h.c.

\ New scale not related to
ing! |
Need at least 2 Ny to explain oscillation data | EW symmetry breaking! |

A. Ibarra & G. Ross, arXiv:hep-ph/0312138
Add a third N with M ~ O (keV ) |

How do we search this DM?

Radio lines X-ray lines EuCAPT White Paper, arXiv:2110.10074
Microlensing Microlensing
Structure formati>n Structure formation
107 eV pueV. 0ileV  keV MeV GeV 102 TeV 107 M,  10My  10° Mg
< >

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
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Neutrino dark matter

Unstable DM candidate: Ty > Tygiverse

Monochromatic X-ray signal as smoking gun
Y

2 2 5
x Gf QaDM‘ Mpm

npMm U
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Neutrino dark matter

-10 | | | V. V. Barinov et al., arXiv:2405.17861
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Production mechanism

, Temperatures 7' < 1 GeV |

Dodelson-Widrow mechanism

S. Dodelson & L. Widrow, arXiv: hep-ph/9303287

DM abundance from v oscillations
and collisions in the plasma

2
2
{2pmh” eaDM‘ Mpwm
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Production mechanism

’ Tem peratu res T 5 1 GeV | T. Asaka, M. Laine & M. Shaposhnikov,
— arXiv:hep-ph/0612182

L

. : 10-11 - X-ray bounds ."~.,DW

Dodelson-Widrow mechanism ; [ )

S. Dodelson & L. Widrow, arXiv: hep-ph/9303287 ]

10—12 .

. . 10713 4 A. Boyarsky et al., arXiv:0710.4922

DM abundance from v oscillations . B. M. Roach et al., arXiv:1908.09037
and collisions in the p|asma = T J. W. Foster et al., arXiv:2102.02207
N Lo-14 B. M. Roach et al., arXiv:2207.04572
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Production mechanism

, Temperatures 7' < 1 GeV |

Dodelson-Widrow mechanism

S. Dodelson & L. Widrow, arXiv: hep-ph/9303287

DM abundance from v oscillations
and collisions in the plasma

2
2
{2pmh” eaDM‘ Mpwm

A. Merle, A. Schneider & M. Totzauer,
arXiv:1512.05369
2
Qi
ny

bs 7,2
Q]O)l\sdh

At most it can produce F =

Irreducible contribution
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T. Asaka, M. Laine & M. Shaposhnikov,
arXiv:hep-ph/0612182
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M. Roach et al., arXiv:1908.09037
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Neutrino dark matter

Production mechanism

Temperatures 7 < 1 GeV ‘Temperatures 7 ~_1OO GeV|

Dodelson-Widrow mechanism Freeze-in via 2-body decays

DM abundance from v oscillations
and collisions in the plasma

2
2
{pmh” eaDM‘ Mpm

Qrnih?

bs 7,2
Q]O)l\sdh

it can produce RSYEI=

Irreducible contribution
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Production mechanism

, Temperatures 7'~ 100 GeV

Freeze-in via 2-body decays

Z(h) < v, + npy

2

A

My < h(Z) + "IbM DM never reaches equilibrium

dfpm
dt

= 0(p. 0 |fsy (.0 = filp. 1)
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Production mechanism

18

\ Temperatures 7'~ 100 GeV

Freeze-in via 2-body decays

Z(h) < v, + npy

2
W‘(_)fa‘l'nDM FSOC H(IDM‘ <<H

My < h(Z) + "IDM. DM never reaches equilibrium

dfpm
dt

Irreducible contribution™

“In the Type-| seesaw

=T(p. 1) [fgh(p, 0 —fidllp. t)]



Production mechanism

, Temperatures 7'~ 100 GeV

Freeze-in via 2-body decays

Z(h) < v, + npy
W‘(_)fa‘l'nDM ', x

A

2
Oom| < H

My < h(Z) + "IbM DM never reaches equilibrium

df, e /
DM = T (|53 —f)ﬁ( 0]

Irreducible contribution

A. Abada et al., arXiv:1406.6556

D. Boyanovsky & L. Lello, arXiv:1609.07647
M. Lucente, arXiv:2103.03253
HOW mu Ch D M A. Datta et al., arXiv:2104.02030
IS p rod u Ced ’? A. Abada, G. Arcadi, G. Piazza, M. Lucente

& SRA, arXiv:2308.01341
A. Abada, G. Arcadi, M. Lucente & SRA,
arXiv:2503.20017



Freeze-in production: W(Z) & £, (v,) + npy

Consider the production
through gauge boson decays

ﬂ In vacuum I

[, ~ GeMyy,,

2
QaDM‘ Qpph® ~ mpy '/ M%(W)

For @ sn ~ 10 %itcanbe as large as ', ~ 10712 GeV
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Freeze-in production: W(Z) & £, (v,) + npy

Consider the production
through gauge boson decays

Un vacuum

3

Qpph® ~ mpyly/ MZ(W)

aDM ‘

At T ~ 100 GeV thermal effects
must be taken into account

Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)

- .
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Freeze-in production: W(Z) & £, (v,) + npy

Consider the production
through gauge boson decays

) \
h __ Mpym
m N P | QNT))— —> tan*26 — tan 20,y
- 12”” tan 26, —m3 [1 + — tan®26, ]
FS ~ GF M3(W) aDM‘ l > DM DM o DM|

QNT) = (E — hp)L ~ g°T*

At T ~ 100 GeV thermal effects
must be taken into account

Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)
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Freeze-in production: W(Z) & £, (v,) + npy

Consider the production
through gauge boson decays

2

h __ Mpym
W P iQ (T))— —= tan*20,p, — tan 20,y

3

2
Qh(T) ~ g2T2

M 020 o =y [1 - tan®20,, ]
/

aDM ‘

At T ~ 100 GeV thermal effects
must be taken into account
Le Bellac, Thermal Field Theory (1996) m2
H. Weldon, Phys. Rev. D (1983) sin zeegM _ DM $in 26, o
a a
QN(T)
Z (W) D

ng (Lo)
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Neutrino dark matter

Freeze-in production: W (Z) & ¢, (v;) + npy

Consider the production

through gauge boson decays 072 F /0 HNL, Majorana
10~ =" w/o HNL; Dirac | H(7'>
[In the pIasmaI 10-18
: rr :Z 21
3 =10
ny/ )
Py~ GeMyy) | Oy 8 o
+
— 10—27
At T ~ 100 GeV thermal effects 107% 3 0 ~ 106
must be taken into account -~ z abDM
Le Bellac, Thermal Field Theory (1996) [RH helicity |

H. Weldon, Phys. Rev. D (1983) 1036 — —— ———
100 101 102
T=My/T

Z(W)
;rrm% Fpu ~ 0 from Z (W) decays|
 m 5 S -

J. Ghiglieri and M. Laine, arXiv:1605.07720
D. Boyanovsky et al., arXiv:1609.07647
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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Freeze-in production: Heavy neutrino decay

Consider the production
through 1y, — h (Z) + npyy

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017

Z (W) H

/
n; Uz n; : ' Uz

Consider simultaneously 3 active v + DM + 2 heavy N

Approximate lepton number symmetry—Large U,
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Freeze-in production: Heavy neutrino decay

Consider the production
through Ny — h (Z ) + npm Active-heavy neutrino mixing\

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017
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Freeze-in production: Heavy neutrino decay

Consider the production
through Ny — h (Z ) + npm Active-heavy neutrino mixing

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017
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DM phenomenology

[X—ray boundSJ
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DM phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017

(Xray bounds] **+e.,. DW Constraints from Ly-a
10-11 S T,

G. Ballesteros, M. A. Garcia & M. Pierre, arXiv:2011.13458

4/3
Myppm
My 2 | ———— 7.5keV
I PM < 3keV )

M. Viel et al., arXiv:1306.2314

XRISM prospects

C. Dessert et al., arXiv:2305.17160

mpwm [keV]
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Neutrino dark matter
HNL related phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017
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Neutrino dark matter

HNL related phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.2001
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Neutrino dark matter
HNL related phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.24
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|UHN|2

Neutrino dark matter
HNL related phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017
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Collider constraints
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HNL related phenomenology

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017
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Origin of v masses
Type-| seesaw-mechanism
y Sterile v DM

We look for it through its
mixing with SM neutrinos
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Origin of v masses
Type-| seesaw-mechanism
y Sterile v DM

We look for it through its
mixing with SM neutrinos

npM L

Can we produce enough DM only relying on neutrino mixing?
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Origin of v masses
Type-| seesaw-mechanism
y Sterile v DM

We look for it through its
mixing with SM neutrinos

npM L

Can we produce enough DM only relying on neutrino mixing?

DW mechanism
), T < 1GeV

‘Can only produce Fpy; < | I
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Origin of v masses
Type-| seesaw-mechanism
y Sterile v DM

We look for it through its
mixing with SM neutrinos

npM L

Can we produce enough DM only relying on neutrino mixing?

Freeze-in production
T ~ 100 GeV

Decays of Z (W)
kdo not produce DM

38



Origin of v masses
Type-| seesaw-mechanism
y Sterile v DM

We look for it through its
mixing with SM neutrinos

npM L

Can we produce enough DM only relying on neutrino mixing?

Freeze-in production
T ~ 100 GeV

Decays of Z (W)
ido not produce DM

n, decays are a promising production channel!

39



» Account for production at 7 > 160 GeV:2 — 2 processes, LPM

40



Outlook

« Account for production at 7 > 160 GeV: 2 — 2 processes, LPM

 Baryogenesis?
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* Phenomenology: strong correlations between DM
searches and cLFV and EWPO probes

42



Ll L ey e EuCAPT White Paper, arXiv:2110.10074

Microlensing Microlensing
Structure formatin Structure formation
107 1%eV pueV. 0lleV  keV MeV GeV 102 TeV 107 My,  10Mg,  10° Mg
>
Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH

* Phenomenology: strong correlations between DM
searches and cLFV and EWPO probes
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Ll L ey e EuCAPT White Paper, arXiv:2110.10074

Microlensing - Microlensing
Structure formatin - Structure formation
10~ ¥eV peV 0- MelV GeV 10% TeV 107 My, 10 Mg 10% M
>

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH

* Phenomenology: strong correlations between DM
searches and cLFV and EWPO probes
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Ll L ey e EuCAPT White Paper, arXiv:2110.10074

Microlensing - Microlensing
Structure formatin - Structure formation
10~ ¥eV peV 0- MelV GeV 10% TeV 107 My, 10 Mg 10% M
>

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH

* Phenomenology: strong correlations between DM
searches and cLFV and EWPO probes
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Back up

Experimental probes

Z-pole

LFU

Observable

MW ~ M‘S”M (1 +0.20 (nee + 7’##))
s257e¥ ~ s2.M (1 — 1.40 (Nee + Nup))

82PHC ~ 2 SM (1 — 1,40 (ee + Mpp))

TEHC o~ TN (1 - 0.33 (ee + 7uu) — 1.33177)
Tz ~T5M (14 1.08 (nee + 1) — 0.27177)
Opad = Opag o (14 0.50 (Mee + ) + 0.530,-)
Re ~ RSM (14 0.27 (ee + Mup))

R, ~ RpM (14 0.27 (ee + Nyup))

R, ~ RSM (1 + 0.27 (Mee + Mup))

R, =~ (1= (Muu — Nee))
RY, ~ (1= (rr — Muy))
R{fe > (1= (Mup — Mee))
Ry, =~ (1= (Muy — Nee))
Ry, =~ (1= (Mrr — )

Vil = 1= Vasl® (1 + m)

[V KY | o [V | (1 + Nee + My — M)
[V 5om | = Vi | (1 + M)
|VEL=mer| o Vo] (1 4+ mup)
|VEL=m19 | o Vi | (1 + 7ee)
|VEs=mev| o |Vis| (1 + )
|[Vilss 27 | o Vi | (1 + Dee)

K* Smev
Vus

~ [Vas| (1 + mup)

=~ |Vis| (1 + 7ee)
K,?l’—)[lll IVusl

: V1-Vasl?

K* —STpY
Vus

Vs
Vud

FLASY 2025

M. Blennow et al., arXiv:2306.01040

CKM-unitarity
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Type-|l seesaw

|Uun?/ 22 |Uan|?

Uar, = Ui 1V + Uy Briyg| W

Massive neutrinos

Oscillation data from NuFIT 6.0
o l. Esteban et al., arXiv:2410.05380

)lete SM singlet

New scale not related to
EW symmetry breaking!

0.2

g
‘©
4
Q
S

Uun1?/ 3 Uan|?

‘Need at least 2 Np to explain oscillation data ‘

FLASY 2025

A. Ibarra & G. Ross, arXiv:hep-ph/0312138
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http://www.nu-fit.org/?q=node/294

Production mechanism

, Temperatures 7' < 1 GeV |

Dodelson-Widrow mechanism

S. Dodelson & L. Widrow, arXiv: hep-ph/9303287

DM abundance from v oscillations
and collisions in the plasma

2
2
{2pmh” eaDM‘ Mpwm

A. Merle, A. Schneider & M. Totzauer,
arXiv:1512.05369
2
Qi
ny

bs 7,2
Q]O)l\sdh

At most it can produce F =

Irreducible contribution

48

Possible solutions:

Resonant production in presence
of L-asymmetry

X. Shi & G. M. Fuller, arXiv:astro-ph/9810076
M. Shaposhnikov, arXiv:0804.4542
J. Ghiglieri & M. Laine, arXiv:2004.10766

Introduction of v-scalar interactions

A. de Gouvéa et al., arXiv:1910.04901
T. Bringmann et al., arXiv:2206.10630



2-loop Higgs potential

M. Quiros, arXiv:hep-ph/9901313

A. Abada, G. Arcadi, M. Lucente & SRA, arXiv:2503.20017

250

200 -

=
<
o
)
>

100 ~

50

O i I I I I I I I 1
0 20 40 60 80 100 120 140 160
T [GeV]
FLASY 2025 49

EW symmetry breaking
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How does a species approach equilibrium?

fa
Example of
— =T |fid—]
W at_ Ny Ny
Ny
I represents the rate at which n, approaches equilibrium
dq ||’

= Dot T o | 21+ i)+ (= fi)f] Cpy + B, — By

(27)3 2E,2E,,
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How does a species approach equilibrium?

fa
Example of
—=T|fi~f
W at Ny Ny
Ny
I represents the rate at which n, approaches equilibrium
dq ||’

(L + f) + (1 = )| 8(po + E, — Eyy)

I'=Tl . +1;, «
’ dec inv [ (271_)3 y Ef2 EW

Z (W)

ng (goz)
n;

Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)
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How does a species approach equilibrium?

fa
Example of
—=T|fi~f
W at Ny Ny
Ny
I represents the rate at which n, approaches equilibrium
dq ||’

(L + f) + (1 = )| 8(po + E, — Eyy)

I'= 1_‘dec + 1_‘inv X [
(27)3 2E,2Ey,

|

dq | M|
Im2; o [ (27)3 2E2E,, f5(Ew) + f{Ep)] 8(po + E; — Ey)

Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)
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How does a species approach equilibrium?

fa
Example of
—=T|fi~f
W at Ny Ny
Ny
I represents the rate at which n, approaches equilibrium
dq ||’

(L + f) + (1 = )| 8(po + E, — Eyy)

I'= 1_‘dec + 1_‘inv X [
(27)3 2E,2Ey,

|

dq | M|
Im2; o [ (27)3 2E2E,, f5(Ew) + f{Ep)] 8(po + E; — Ey)

| Re2 changes the dispersion relations \

E>?—p>—M?>’+(E-hp)Z=0

Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)
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