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Outline
Q—> V- line search: motivations and new IceCube results

Q—> determination of minimal DM models leading to observable V-lines

from DM annihilation
C_— Jinks with seesaw???

Q—» 2 examples of DM setups predicting seesaw induced v-lines
from DM decay



Neutrino line search: new lceCube results



Probing DM with neutrinos: neutrino telescopes

L» DM annihilation or decay in the galactic center and halo can produce neutrinos
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The 5 motivations for the search of v-lines

L=> DM DM — vy or DM — v + X :monochromatic flux of I/: “ -line”

Q—> no astrophysical background: DM smoking gun!
L—> V-channel: most sensitive channel for V-telescopes
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L—> for the V-channel: neutrino telescopes have better sensitivity
than 7-telescopes
(s unlike for other channels: DMDM — 757, utp=, ete=, WHW—, qq, ...

(secondary neutrinos)



The 5 motivations for the search of v-lines

L—> a V-line can be produced from a tree level annihilation unlike a 7-line

L—> a line can be very well distinguished from background: in neutrino
energy spectrum

s well known for V-rays

from 7 telescopes the limit on 7-line channel is 2-3 orders of
magnitude better than on channels with secondary photons

but so far all neutrino telescope limits on
channel were not exploiting the energy
information of the neutrino events!!



First spectrum based search of a ‘V-line’ from IceCube data

L;> using a 2010-2012 public IceCube data sample: for DM decay: I‘D‘M_WJFX

Lifetime lower [imit exploiting the sharp spectral feature property:
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Monochromatic flux of v from DM annihilation: experimental limits

L>> Observational situation for an a

Annihilation cross section upper limit:

nnihilation: (o v) par DM v
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—> only illustrative: based on sample of only one year and with no angular information:

from line dedicated
search using same

|-year data sample
than for the decay

decay: n, X ppup

T

crucial for annihilation: n, o« p%,,

L—> annihilation signal largely peaked on galactic center unlike for a decay
—> need also to see the galactic center with good angular resolution



Photo: lan Reese

J L Dark Ghosts 2022 27l V.

From J.-A.Aguilar talk, 31/03/2022




First neutrino telescope dedicated search for neutrino lines

IceCube collaboration + C. El Aisati, M. Gustafsson, T.H.: to appear

L> using the energy information of the neutrino events on top of angular information

C_~ o look for a sharp spectral feature
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First neutrino telescope dedicated search for neutrino lines

Results annihilation: yx — v channel:



First neutrino telescope dedicated search for neutrino lines

Results decay: x — vv channel:



Results : other channels: annihilation and decay

lceCube Preliminary IceCube Preliminary

IceCube Preliminary IceCube Preliminary



—> Given this exciting experimental situation:

~at the level of present and future sensitivities?!?
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Determination of minimal models leading to observable v-line
from DM annihilation

El Aisati, Garcia-Cely, TH,Vanderheyden |7
L—> for spin O or |/2 DM

L» with DM out of single multiplet of SU(3). x SU(2)r, x U(1)y

L—> with DM DM — vv mediated by single mediator multiplet
DM vV
DM vV
>_<M M
DM vV
DM vV
—> systematic study of these minimal models

—> which ones of these models can lead to an observable V-line???



List of simple candidate models for an observable v flux

20 models: surviving direct detection, s-wave annihlil, ... DM and mediator up to triplets
Annihilati , OK
nnihilation DM Mediator my, O Suppressed o+ - | Model
Channel at 1-loop?|by vgw/mpm?

. Tt s-chann. vector |.S F
Oﬂ|>/ [_)II”aC DM DNVDM — 7 Di Tg t-chann. scalar D Y. N B F;
for v channel - T8¢ ST schamm. vector |S| O ? ~ | B

S| t-chann. scalar |D F

D| s-chann. scalar |73 + No ST

S D Yes S5

D S No S

D TO No SZ

Real Scalar D | t-chann. Majorana |75 No Yes St
To D Yes S

T5 D Yes Sy

D| s-chann. scalar |13 + No Fr

S D Yes / i

vV channel —%» |DMDM — wv D S No Fr
. D Ty No Epr
Majorana D t-chann. scalar |75 No Yes Em
Ty D Yes Egr

15 D Yes F

S . D S1

Complex Scalar T t-chann. Majorana o) Yes Yes S,
. S D Fy

Dirac T t-chann. scalar i) Yes Yes 7

El Aisati, Garcia-Cely, T.H.,Vanderheyden ‘I 7
See also related table in Lindner, Merle, Niro ‘10



I mass constraint: kills many V1 channel possibilities

example: inert doublet DM:




I mass constraint: kills many V1 channel possibilities

example: inert doublet DM:

minimum value from

> direct detection constraint

minimum value to get

too large neutrino masses!

> |
an observable -line

m, = 100 keV

Y

El Aisati, Garcia-Cely, T.H.,Vanderheyden ‘I 7



/ simple models leading to observable I flux at U/ telescopes

L—> surviving neutrino mass constraint, other indirect detection limits, perturbativity. . ..

Annihilation ) m, OK Suppressed _
Channel bM Mediator at 1-loop?|by vgw/mpm? £747 | Model
To| s-chann. vector S Fy
DMDM — mv Dirac To| t-chann. scalar | D Yes No = £
S| s-chann. vector |S F3
S t-chann. scalar D Fy
D| s-chann. scalar |15 + No ST

DMDM — vv

Real Scalar

Majorana

Complex Scalar

~ t-chann. Majorana

Dirac

t-chann. scalar

Yes

Yes

El Aisati, Garcia-Cely, T.H.,Vanderheyden ‘I 7

possible only

fOI” mpn Z TeV
& not to induce
4—— too large 1]~
e flux because
these models

predict
(I)l/ﬂ — (I)l"'l_

excluded: give too
many diffuse W+w~
or too intense 7-line

possible only
'& fOI” mpm 5 TeV

44— due to
e

perturbativity:

there exist simple models leading to observable neutrino flux at neutrino telescopes



U-line cross section results including Sommerfeld effect

present U -line sensitivity (ov)par par—suw ~ few 1072° doesn't reach the
thermal freeze out total cross section value (0v) 7o ~ 3 - 1072

L> need for a boost of the cross section from freeze out epoch to today

/ N\

astrophysical boost  particle physics boost: Sommerfeld effect

non relativistic DM particles
today can exchange many lighter
mediators before annihilating

L—> example: model F2:aY = 0 fermion DM triplet + a scalar doublet mediator

JVL as models
Sommerfeld for free and known: E-W interactions Fy, Sy, By
1%
"\/L DM DM g
V-line I1s predicted as a func’uon. of W, Z; ; ; ; ; ; ; |M
mpns and DM — Med — v coupling g
g

ﬂ‘ DM DM
can be fixed by

DM relic density

N



V-line cross section results including Sommerfeld effect

L—> example:model F2:aY = 0 fermion DM triplet + a scalar doublet mediator
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—> all fluxes predicted: I-line and associated charged lepton flux around the corner

Q—> discrimination of the models



V-line cross section results including Sommerfeld effect

L—> example:model F2:aY = 0 fermion DM triplet + a scalar doublet mediator
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—> various multi-TeV models with electroweak interactions are in fact already excluded: give a too

large Sommerfeld boost —=> neutrino telescopes are already excluding thermal scenarios!
but still allowed at lower scale or if annihilation channel to neutrinos subleading in freeze-out



Probing the seesaw???

Q—> one surviving model involve the type-Il seesaw scalar triplet state

{

model S7 :real scalar DM from doublet + scalar Y = 2 triplet mediator

‘U a type-ll seesaw state /A
DM 1 YP L

Y,
Arp,
DM 1%

El Aisati, Garcia-Cely,
T.H.,Vanderheyden ‘1 7



Probing the seesaw??? Et Aisa, Garcio-Cely
T.H.,Vanderheyden ‘1 7

L—> one surviving model involve the type-Il seesaw scalar triplet state

{

model S7 :real scalar DM from doublet + scalar Y = 2 triplet mediator

{

DM 1%
Yy, . .
X —> neutrinos are produced as mass eigenstates
L
DM V Pure v,
0.A1

1’ (=]
(mass eigenstates)\0.5 =®

/ ] }\leu<rin\os /fro\m F,
0.6/ N0 4
. = (flavor universal)
AV~

flavour flux composition outside oscillation region V‘\A
aAVA

Garcia-Cely, Heeck *1 6 1'o. 0.1 02 03 04 05 06 07 08 09 1.
El Aisati, Garcia-Cely, TH,Vanderheyden ‘I 7 Pure v, a® Pure v,



Probing the seesaw???

L—> one surviving model involve the type-Il seesaw scalar triplet state

{

model S7 :real scalar DM from doublet + scalar Y = 2 triplet mediator

U

DM 1%
Yy . .
X —> neutrinos are produced as mass eigenstates
L
DM 1%

but some tuning Is necessary between tree level and loop contribution not to induce
not to Induce too large neutrino masses:

(H H)
oo
I HO, A0 \\; HO, A

FbTQ :Ksz

1% ' 1% v ' v




Seesaw Induced V-line from DM decay



DM slow decay?

TDM > Ty ~ 1018 sec

024—29 S

Tpym > 1 ec < not to produce too large fluxes of e™, p, v, 1, ...

L—> 2 main options
/ .

suppressed by powers of suppressed by very
a very heavy scale tiny couplings

s e e S 7



DM slow decay from heavy scale suppression

1 m;
dimension 5 operator suppression: Tpym ™~ A§M = Aygy ~ 10% GeV
S — e e e D 87T UV == — T

TDM ~ 10%7 sec mpy ~ TeV

v
= Ayv ~ 10 GeV

{

opportunity to probe the GUT scalell

1 m5DM
ST A%JV

dimension 6 operator suppression: TDM ™~

and seesaw physics!



A simple DM setup leading to dim-6 seesaw induced V-line
Coy,TH, 20

&—,> a massive QED structure on top of the SM: U(1) x gauge structure with SSB

1 :
L= Lsu— 7 FpFX" + XD —my)x +Dud D'é — Ang'oH'H — V()

TH 08 + X

Q—>the X fermion is stable, as well as the U(1) x gauge boson if m4 < 2m,,

+ seesaw type-| interactions:

Locosaw = iNRONR — %m ~ (NeNf + NgNg) — (W NgH'L + hec.) .

—=> possibility a neutrino portal: 4L = — (YLN—RngL + YrNGOXR + h.c.)

T D N



Destabilization of the fermion DM component by the neutrino portal interactions
Coy, TH, 20

X decays: X — V¢ X — vh Yy — WHT  x—=Zv x — A'v

Q—.> all suppressed by 2 powers of mpy: X fastly decays =>no X DM anymore
(before BBN)



Seesaw induced slow decay of the gauge boson DM component
Coy, TH, 20

A’ decays: A" — vi

—> suppressed by 4 powers of my

a v-line around the corner if all couplings of order unity!

gx ¥, (Vi = Vi) vhogma

4

F(A, — Vﬂ)tr ~
©e 967Tm§1<mN

All one-loop induced decays also suppressed by 4 powers of mpa ! (unlike Majoron DM)
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Seesaw induced slow decay of the gauge boson DM component
Coy, TH, 20

lower bound on my for all

couplings of order unity
compilation of experimental lower

bounds on DM lifetime for DM — vv
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also includes 3 and 4 body tree level decays

+ related emission of charged lepton: to be seen soon too if a neutrino line is observed!



A low scale seesaw induced decaying DM setup

L—> a simple question: could the seesaw Interactions set the DM relic density,

even though DM is not a sterile neutrino??

from a thermal bath the 2 most straightforward ways to account for the

observed DM relic density are the freeze-out and freeze-in

ISR eSS

slow out-of-equilibrium

0 /hermalization point of SMSM < DM DM .
< production of DM:
N : . .
< &, requires tiny coupling
269 |- St .
NG
. . >
4 t 6(SMSM — DMDM) x K2 Mc Donald 02’
Kk~ 10710 Kk~ 1 Hall, Jedamzik,
1 _ ’
Dl V\ freeze-out: Y o March-Russell,West 09
(ov)smsm—DMDM

Yprm o (ov)smsv—DMDM

a framework which involve small couplings is the low scale seesaw:

could low scale seesaw be responsible for DM relic density through freeze-in???



A simple DM setup whose relic density is determined by seesaw interactions
Coy, Gupta,TH, ’2 |

- 1 - .
seesaw type-l:  Logesaw = NpINp — §mN(NRN§ + NeNg) —(Y,NgH'L + h.c.)

neutrino portal: 6L = —Y, N¢x + h.c.

L—>D|V| is X and/or ¢ ( Z2symmetry or extra U(1)x, ...)

first step: if my < myw,z.n freeze-in production of N's from seesaw Yukawa induced

| decays of W, Z, h
Dy = gomw Yodl® fmdo /i),
Ty wvne, = qoemalVul® fmi/m).
2
Ly Ny ne, = Mliﬂmh\ \(1—2—12)2

2
Q—> not in thermal equilibrium if > |¥,;° <1107 ( e )



A simple DM setup whose relic density is determined by seesaw interactions
Coy, Gupta,TH, ’2 |
second step: decay of N's through the neutrino portal: N — yo

4
easily dominant because 2-body decay

{

YX — YCb = YN ‘before N decay

{

Qparh? ~ 107 Z Y,/ (mf;:;qb) (1077?;\[)2
Y

from Yukawa couplings leadin _ 2/ 1GeV
o lghtest evrro mass > 3 Wil =107 () ()
o lightest neutrino mass : 10 GeV m, + My

m,, <my =4-10""eV

my

10 GeV ( 1 GeV )

my + Mg

—> the seesaw has the flexibility to produce DM in such a simple way from decays of
SM bosons



Testability of the framework

Coy, Gupta,TH, ’2 |

L—> lightest neutrino mass prediction: cannot be established but can be falsified

m,, <my =4-10""eV

10 GeV ( 1 GeV )

mpy mx—l—m¢

L—> observable neutrino line prediction:
<~ for instance if m, > mg DM is dominated by X component:

X — @V induced by neutrinos portal and N-v seesaw mixing

L e Yl g\
FX_>¢V = 32—7.(.|YX| m?\r mX (1 — )

{

v-line if on top of tiny Y, coupling the Y, coupling is also tiny



I-line constraints

upper bound from large

scale structure formati
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upper bound to have |-to-|
correspondance between Qpas

—and seesaw parameters

(2-body N decay dominance)



Other option leading to |-to-1 Qpy-seesaw correspondance
Coy, Gupta,TH, ’2 |

L—> relativistic decoupling of DM in the hidden sector thermal bath

if neutrino portal Y, large, X disappears quickly: ¢ is the DM X — Qv

N, x, ¢ forms a thermalized (from Y, ) hidden sector which does
not thermalize with SM thermal bath (Y, small)

/ \

SM sector thermal bath: T hidden sector thermal bath: 7"

in the hidden sector the ¢ DM particle decouples relativistically: my < m, << my

PP > XX
doesn't depend on annihilation cross section but only on T /T

TH, Lucca,Vanderheyden, 20
““relativistic floor hidden sector DM scenario”

/ '
T" /T is set by seesaw parameters =>  |-to-| Qpas-seesaw correspondance!



Short Summary

high energy I/-line search : - large recent improvements

- more In near future

V-line from DM annihilation: - several possibilities at level of present sensitivity
- possible links with seesaw

= even if neutrino masses constraints kill in many
cases the possibility of an intense v-line

V-line from DM decay: - many possibilities at level of present sensitivity

- can be induced by seesaw Interactions

. higsh seesaw scale option (order unity couplings):
allow to test GUT scale

= |ow seesaw scale option (tiny couplings)









First spectrum based search of a ‘V-line’ from IceCube data

L;> using a 2010-2012 public IceCube data sample: for DM decay: 1'par—v+x

Lifetime lower [imit exploiting the sharp spectral feature property:

Lifetime lower imit: El Aisati, Gustafsson,TH 15
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between few TeV and 50 TeV, 7Y and V line sensitivities are similar! < within a factor | to 20



IceCube new analysis: Most significant result



More details about minimal models for nu-lines



Determination of minimal models leading to observable 1/-line
( from DM annihilation
many constraints:

e constraint [ annihilation must

e S T .

broceed th rough s-\Wwaye hotto be suppressed by
e - - velocity powers today

Q—> forthe DM DM — v channel this excludes all scalar and
Majorana DM models

but leaves open many possibilities in the DM DM — v v channel



Determination of minimal models leading to observable 1/-line
from DM annihilation
L—> many constraints:

® constraint 2: direct detection constraint:

L—> big issue for DM multiplet

DM DM

with non-zero hypercharge Z «— fartoo large
need to split iIn mass the neutral N N

components of the DM multiplet

L—> example: DM is neutral component of scalar doublet: “"inert” doublet

H+
Hj, AO Hy = ( Ho\-;%'AO )
7 <« kinematically forbidden «— possible from 1 Hy
if. ma, —mmu, < 100 keV A5 interaction As
N N H1 H2

L;> similarly Y £ 0 DM Dirac fermion must be split into Majorana fermions



U-line cross section results including Sommerfeld effect

L—> other example: model Fya Y = 0fermion DM singlet + a scalar doublet med.

c P IJVL | V-line is predicted as a function of
I'OhTESMe d :qu:lres extra — of mpps and DM — Med — v coupling g
8 mediator and Som. mediator mass and coupling
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