V-lines produced by DM:
a model building perspective for neutrino telescopes

Thomas Hambye
Univ. of Brussels (ULB), Belgium

Based on: C. El Aisati, C. Garcia-Cely, TH, L.Vanderheyden, arXiv: | 706.06600
C. El Aisati, M. Gustafsson, TH, arXiv: 1 506.02657/
C. El Aisati, M. Gustafsson, TH, T. Scarna, arXiv: [ 510.05008
C. El' Aisati, TH, T. Scarna, arXiv:1403.1280
M. Gustafsson, TH, T. Scarna, arXiv:1303.4423

Pahen'| /7, Napoli, 26/09/2017



Monochromatic flux of 1/:a DM smoking gun!

from DM annihilation or decay

L=> Observational situation for a decay:I'pyr— v+ x

Lifetime lower limit:
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Monochromatic flux of 1/:a DM smoking gun!

from DM annihilation or decay

L;> Observational situation for a decay:I'pyr— v+ x
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Monochromatic flux of 1/:a DM smoking gun!

from DM annihilation or decay

LA> Observational situation for a decay:I'pyr— v+ x

Lifetime lower limit:
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between few TeV and 50 TeV, 7Y and V line sensitivities are similar! €« within a factor | to 20



Monochromatic flux of VV:a DM smoking gun!
from DM annihilation or decay

L=> Observational situation for an annihilation: (o v) ppr DA s

Annihilation cross section upper limit:
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Monochromatic flux of V:a DM smoking gun!

from DM annihilation or decay

L>> Observational situation for an annihilation: (o v) ppr DA s

Annihilation cross section upper limit:
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from line dedicated
search using same
| -year data sample
than for the decay

1072
109

:> only illustrative: based on sample of only one year and with no angular information:

10!
mpm (TeV)

102
decay: n, x ppup

T

crucial for annihilation: n,, « p%,,

L>annihi|aﬁtion signal largely peak on galactic center unlike for a decay
—> need also to see the galactic center with good angular resolut.



V-line search from DM annihilation: need good energy
resolution and good angular resolution towards galactic center

muon track: cascade events:
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good angular resolut.. ~ (0.2° — 1° good energy resolut: ~ 15%
poor energy resolut. unless fully contained not so good ang. resol.. ~, 10° — 15°
OK to see the galactic center for good for galactic center events

starting inside events

= very promising even if not as easy as for a decay and as fora J-line



What about model-building? V/-line sensitivity reachable?

Q—> for the decay case: easy to have an observable flux!

L—> models based on accidental DM stabllity:

low energy accidental symmetry broken
at high energy as for proton decay:

DM SM
Y —> higher dimens. operator
SM Co mpt!
SM DM M?2n

for instance for dimension 6
operator (n=2) and mpy ~ TeV

TDM 1028 sec for M ~ MGUT

—> the decay case can be fully probed and parametrized by writing
down the full list of higher dimes. operators linear in the DM field



Decay mode example: DM — v +

El Aisati, Gustafsson, TH, Scarna ‘1 6

Q—> V-line + 7-line: double monochromatic smoking gun!!

Q—> very few possible effective operator structures up to dim-6;

Operator DM field |Fields contract. | Operator
. . — Structure (n-plet, Y) |(n-plet)
one dim-5 structure: (B)Y = v
O o LO-MVwDMFY ’ Louwypu FLY (2,-1) Oéi)(‘:
- )L
OOL = Lo, puFiY, Lowwour | &Y Ost
(47 71) O4»let
' 1Y _ v EU}LVwDA/lF&VH (17 0) o}{}jl-let
3 dim-6 structure: 0" = Loy, vpu FL ¢, (3.0) O e
— (17 0) O}{L,Ilflet
O = Lo, vpuFi ¢, (3.0) | @H)=1 | O,
_ ~ (3,00 et (YpmH) =2] O e
O2Y = DuLfyyl(pDMF;V, LUWTZJDMF’L‘ H (3,0) d: (WpuH) =4 O}JL,iflet
_ (3,00 |es (Lpam) =2 | O3,
O2L = DuL’VI/(pDM Fiw, (3,00 |f: (Lypm) =4 | O,
_ (5,0) Ok stet)
03}/ = LquDV'(pDMF/YJVa Lo ypuFE H | (3,-2) O slet
3L _ y (3,-2) |b: (LH)=3 | Oy,
O = L’y,u DI/,(pDM Ff 3 / (3,-2) |e: (YypuH) =2 (9};:’;1%
_ - (3,-2) |d: (wDMﬁ) =4 O}IL;-llet
. . LowspouFi"H (3,-2) l|e: (Lbpm) =2 Oli‘e
. ’ : - H,3-let
—> varying over possible DM quantum numbers: —» 62 |t (womy =1 | 0T
\ (5, ~2) O}"JLs-let
. . DMI_/YVwDMF{/W (2,-1) Og}l/et
—=> V-line and 7Y-line correlated: Dy Lot | 1) o2k,
! (4,-1) 03,
_ Ly Do FY | (2,-1) O3t
same energy : o o Ok
YuDuvbprm Ff
(47 _1) Oiﬁet

- ratio of line intensities fixed by operator . .
full list of operators up to quintuplet

- associated flux of cosmic rays fixed by operator and around the corner

for other decay channel operators see also Feldstein, Kusenko, Matsumoto, Yanagida, 13’



What about model-building? V/-line sensitivity reachable?

Q—> for the annihilation case: possibilities to have an observable flux!

2 Issues:

® v-line sensitivity much weaker than 7-line sensitivity

L» not necessarily a problem because 1-line can
proceed easlly at tree level unlike 7-line

® future v-line sensitivity (ov) par par—ww ~ few 1072° will not reach the

thermal freeze out total cross section value (o) ~ 3 - 1072°

L—» this excludes an observable V-line for most models but not necessarily:
need for a boost of the cross section from freeze out epoch to today

4 \

astrophysical boost  particle physics boost: Sommerfeld effect

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



Determination of minimal models leading to observable 1/-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 1%

>_< M
M

DM 1%

DM 1%
—) systematic study of these minimal models

—> which ones of these models can lead to an observable -line from
DM annihilation through the Sommerfeld effect????



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

e constraint |: annihilation must

e S T .

broceed through s-wave — not to 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
Q—> many constraints:

® constraint 2: direct detection constraint;

Q—> big issue for DM multiplet

with non-zero hypercharge Z

DM DM
<«— fartoo large

need to split In mass the neutral N N
components of the DM multiplet

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

H—I—
Hg, Ay Hy = ( HO\"/‘%AO )
kinematically forbidden - Hy Hoy
Z <« 4 <«— possible from
ifma, — mm, Z 100 keV A5 interaction A5
N N Hy H,

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



s-wave + direct detection surviving models

20 models: DM and mediator up to triplets
Annihilati » OK d
aniifation DM Mediator my O Suppressed |,y 1o del
Channel at 1-loop?|by vgw/mpum?

: T s-chann. vector | S F
Oﬂly I:_)n”ac DM DVDM — 7 Di Tg t-chann. scalar D Y. N B F;
for v channel o M8 IS schann. vector |S| O ° TR

S t-chann. scalar D Fy
D| s-chann. scalar |15 + No 1
S D Yes S
D S No S
D T No Sy

1 1 N
Real Scalar D | t-chann. Majorana |75 © Yes SE
To D Yes S
T, D Yes Sy
D| s-chann. scalar |75 + No "
S D Yes / For
vV channel —» |DMDM — vv D S No Ep
) D To No Er
Majorana D t-chann. scalar |75 No Yes FZ"
To D Yes Fer
15 D Yes Fr

D

Complex Scalar ;; t-chann. Majorana o) Yes Yes g;
Dirac ;(; t-chann. scalar g Yes Yes ?;l

El Aisati, Garcia-Cely, T.H.,Vanderheyden ‘1 7
See also related table in Lindner, Merle, Niro ‘10



U mass constraint: kills many 171V channel possibilities

U

constraint 3:

s A

example: inert doublet DM:




U mass constraint: kills many 171V channel possibilities

U

constraint 3:

s A

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 ‘1 7



s-wave + direct detection + I/ mass surviving models

8 models: DM and mediator up to triplets
Annihilati » OK d
TAton DM Mediator my OK 1 Suppressed [, |yg o)
Channel at 1-loop?|by vgw/mpm?
To| s-chann. vector | S Fy
DMDM — v Dirac To| t-chann. scalar | D Yes No = b
S s-chann. vector S F3
S t-chann. scalar D Fy
D| s-chann. scalar |75 + No ST
Real Scalar
DMDM — vv
Majorana
S ) D S
Complex Scalar t-chann. Majorana Yes Yes —
To D So
Dirac ;; t-chann. scalar g Yes Yes ?;1

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

possible only
for mpar Z TeV
& not to induce
7 too large [+~
flux because
these models

predict
(I)w? — (I)H'l—

constraint 4

excluded: give too

many diffuse WHw-

or too intense V-line
constraint 5

possible only
& fOI”mDM SJ TeV

44— due to
e

perturbativity:
constraint 6



V-line cross section results including Sommerfeld effect

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

{

Sommerfeld for free and known: E-WV interactions a;bms?ij?}
DM s g v
: w2538 - 5338 |u
DM DM 9

]

V-line Is predicted as a function of
mpy and DM — Med — v coupling g

f

can be fixed by
DM relic density



V-line cross section results including Sommerfeld effect

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

00 0.02 0.2 0.48 1.1 2.45
10 El Aisati, Garcia-Cely,
- mp=2mpym TH.,Vanderheyden ‘1 7
10721 —
10722 - IceCube
a
5 1072
S
1 0_24 B
s . : Dy = (I)H'l_
0BT charged lepton
FMILKY flux constraint
10-261 WAY | constraint 4
1 00 1 01 1 02 AR
mpm (TeV)

—> all fluxes predicted: -line and associated charged lepton flux around the corner

Q—> discrimination of the models



V-line cross section results including Sommerfeld effect

L—> other example: model Fy:a Y = 0 fermion DM singlet + a scalar doublet med.
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V-line flavor composition

L—> further possibility of model discrimination a type-ll seesaw state A,

U f

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

{

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

Pure v p

Garcia-Cely, Heeck 1 6 0. 0.1 02 03 04 05 06 07 08 09 1.
El Aisati, Garcia-Cely, TH,Vanderheyden ‘1 7 Pure v, a® Pure v,



Summary

I/-telescope search for a line:

S large improvement of sensitivity to be expected soon!!

C_~ DM decay case:-vand 7Y line sensitivities of same order in multiTeV range

- many models could lead to observable v-line

including for interesting DA — ~ + v scenario

<= DM amnihilation case: - 1-line sensitivity << 7-line sensitivity

- V-line sensitivity doesn't reach freeze out value

o simple specific models leading to observable 1-line do

exist thanks to Sommerfeld effect and can be studied in
In a systematic way

. possibilities of model discrimination from v-line energy,

intensity and flavor composition and associated diffuse
Ccosmic ray emission

C = overal picture remains true beyond minimal models









Monochromatic flux of Y : DM smoking gun

from DM annihilation or decay

L—> no astrophysical background

L_> flux and direction basically

unaffected during propagation /

L—> very active experimental field: P
Fermi-LAT, HESS, CTA, e p i
Gamma400, Dampe, ...

from Bergstrom, NJP 09

Annihilation cross section upper limit:
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See also recent Hawc results 1301.1173



Decay bound from Icecube details



DM — v + XU flux expected in detector for a given lifetime

Galactic component:

dop, (h.1) — 1 dN
dE,/dQ ’ 47TmDMTDM dE

ds pp|r(s,b,1)]

/ ,, .0.S.

part|c|e physics factor galacﬂc DM factor
NFW profile

Extragalactic component:

d¢eg _ QDMpc/dZ 1 dN
dE,/dQ H )mDMTDM dE \E=E, (1—|—z)

cosmological factor partlcle physics factor



Flux in detector issues: flavor, U vs I, earth absorption, ...

® VV-oscillations: average V flavor:

P(ve <3 v.) = 0.573, P(ve <> v,) = 0.277
P(ve 3 v;) = 0.150, P(v, > v,) = 0.348
P(v, <> v;) =0.375, P > v,) = 0.475

L> relatively small effect \

results presented here are for

_ P democratic 1/3, 1/3, 1/3, IV -+ U flux
® I/ vs U:relatively small effect too

® carth absorption effects.... taken into account



Number of events expected in detector for a given lifetime

Q—> depends on instrument response for a given data sample

a = flavor index

dNa L d(¢h + ¢eg)a
— gozDeff o
dE,dS)dE’d cos 60'do’ dFE,dS) ’
theory flux  instrument response:
Q»exposure:
5a = Aeff,a(Ey,H) x At
. dispersion function:
eff(E/ 9/7¢ E,/,Q ¢)
= N /dE’/d 9’/d¢/dE/dQ Ao
DM = o Yo JE, dQdE deos 0'dg

=€, T,€,L,T

for a public 2010-2012 lceCube data sample
(78+8 strings, 100 GeV — 10° GeV, 383 detected events)



Background

atmo;pherlc\z 4 IceCube data (N;bs) >
neutrinos i P.L. Background i
10! Amospheric v 2
Penetrating u %
= 18
k= i
Z + iz
= 10’ E .3
R Is
= i 128
penetratmg/_ 15
muons | 107
-2
10
10° 10° 10" 10° 10° 10’ 10°

Edep [GGV]

astrophysical
neutrinos: we
assume a power
law with free
power

:> tot o nS’LQNEM(mDM7 TDM) + n]—N/.ZL + nZN atm + n3NZst'ro(’Y)

free normalizations ng;4 1,2,3 and free power "/

—> statistical method: test statistic of profile likelihood ratio (as for Fermi“-line)



Result: lower limit on lifetime
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—> no evidence fora v-line «— atmost 1.50 at E ~ 40 TeV

mpwn 2, 100TeV bounds in Rott, Kohri, Park "4, Esmaili, Kang, Serpico "4 are similar



Comparison with previous limits and with “)-line limits
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Double smoking gun scenario: details



Systematic study of DM — v + v double smoking gun scenario: EFT

a 2-body radiative decay of a

neutral particle is anyway given by
non-renormalizable interactions

L> very slow decay: could be natural if the mediator inducing it
s heavy, similar to proton case

- stability due to accidental symmetry

a dim-6 operator mediated b g
GUT scale gives: Tpm ~ 1077 sec

dim—>5 dim—6

- C; dim—5 ¢ dim—6
Leff - Z Ay Oi + Z A%JV Oi t
1

1

L—> very few operators: one dim-5 structure: ©®Y = Lo, ¢pa F1Y,
OBL = l_)au,/wDMFgV,

3 dim-6 structure: O = Lo, Yoy FH ¢,

O = Lo, vpuFr ¢,

O =D, Ly, YpuFY,

O* = D,Lvy,vYpuFt”,

O = Ly, D,pu FE”,

O = Ly, D, ypu FtY,



Systematic study of DM — v + v double smoking gun scenario: EFT

L—> taking into account possible DM quantum numbers DM can

be a singlet, doublet, triplet,
quadruplet or quintuplet
(with¢ = H or H)

Operator DM field |Fields contract. | Operator
Structure (n-plet, Y) | (n-plet)
EUMVQPDMF#V (2’ _1) Oéi)e}t/
- v 2,-1) oSk
LUuwaMFf ( ) 2—1e£
(47 _1) Oé(fl)et
B 1Y
Lo ypuFyH (1,0) Oi’}'let
(37 0) OH,S—let
(17 0) O}{ljl-let
T 1L,a
(3,0) a: (LH) =1 OH,S—let
. (3,0) | (YpmH) =2 O3,
Lowppu P H | (3,0)  |d: (woarH) = 4| O,
(37 0) € (I_ﬂ,bDM) =2 O}{Lj;let
(3,0) |f: (Lypm) =4 | Ol
(55 O) O}{%S—let)
Lo YypouFE H | (3,-2) O}{},/S-let
N 1L,b
(3,-2) |b: (LH)=3 Of{,3-1 .
(3,-2) |e: (vpmH)=2| O
_ _ | (3,-2) |d: (YpmH)=4] 051
LowypuFr"H - e
(3, —2) e: (LwDM) =2 OH,;&-I ¢
. (T _ 1L,f
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Operator predictions: line energies and intensities

|) same line energies

1) correlated line intensities: more V than Y

L—> gauge Invariance: Fl}; or FMLV = DM — vy, vZ, IW

it operator has a Fl}; andmpy >>myg: ¥ — L 1.3
n~  cos? Oy
it operator has a FMLV and mpy >> my: v _ ! = 4.3

. D
N~ sin® Oy

it combination of operators: ™ > 1 and of order | unless tuning
Ty



Operator predictions: additional continuum fluxes of cosmic rays

L—> Z, W, [ produce p, vp, et ...

't turns out that all operators can give only 5 possible line intensity to

CR number ratios

DM field Operator Prediction
- Y -plet, 'Y R, R
operators with a I, e [y | Ttv/CR

ladd 1Y
. o | OH 1.3 A

2 s 2 1L
A: R,cr=cos”bw/(sin®Ow - ncr/z), Ox 4.3 E
0 L oY, 0T, 0% 1.3 A
\ | o®L o2 o3t 4.3 E
only DM — ~v, Zv channels o 3 A
operators with a FL. O 4.3 C

Y 3 0 1L,d A1L,f
Ol ol 43 D
1L,c 1L,e
C: Ry,cr= sin? Oy /(cos? Oy - NCR/Z), Oy On 4.3 E
oy 1.3 A
0 4.3 C
32 ot o 4.3 D
.2
sin® 6 1L,c

D,E,F: R’Y/CR: 5 w OH 4.3 E
cos? Ow - noryz + cw - (Mor/w+i- + Nor/w—1+) O}f’f 4.3 F
1 9 4 -1 (9(5)L7 O2L, OSL 4.3 D
\ Cw — Z,].,Z 5 0 O}{L 4.3 D

5 -2 1L
DM — ~v, Zv, W1 channels Ox 43 D




Operator predictions: additional continuum fluxes of cosmic rays

L—> upper bound on-line intensity from imposing that associated CR flux
doesn't exceed observed ones

N T T T TTT | T T T T T II T T ]

. 102 _—/' """"" ~— .
continuum flux S | e continuum flux
of ¥ constraint - of p constraint

(solid) i (dashed)
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) Cy === Bp
0 - Dp — B
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clear possibilities to have double monochromatic DM
evidence + observation of associated CR excess!

—



Importance of 3-body decays for operators involving a scalar field

OlY = ZJMVwDMF#V¢7
OlL = l_;o',ul/wDMngqba

2
1 U¢

X
81 mpm

( T3 body 1 m%yy, Y 3-body channels dominate 2-body
Ty pody 1672 v} channels for mpas 2 4TeV

(with¢ = H or H)



3-body channel consequences

¢DM — V’}/h, I/’}/ZL, Z’YWL, VZh, I/ZZL, ZZWL, lWh, ZWZL, vWWr

@ additional cosmic rays



3-body channel consequences

wDM — V’yh, I/’}/ZL, l’}/WL, VZh, I/ZZL, ZZWL, lWh, ZWZL, vWWr
@ additional cosmic rays

@ additional ) sharp spectral features
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3-body channel consequences

wDM — V’}/h, I/’)/ZL, l’}/WL, VZh, I/ZZL, ZZWL, lWh, ZWZL, vWWr,

@ additional cosmic rays

@ additional ) sharp spectral features

@ additional I sharp spectral features!
DM — v~ h: similar to internal bremsstrahlung DM — v+ h: ' ‘neutrino internal bremsstrahlung”
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Summing 2 and 3 body sharp feature ) and U/

ratios of V sharp feature intensity to? sharp feature intensity

— IceCube/HESS ratio |
102} --- A (2b)
- oon/ C.D.E,F (2b)
— A (3b)
¢ (3b)
— D 3b)
— B (3b)

103 104 10°
mpm [GGV]



Summing 2 and 3 body sharp feature/y and U:upper limits

Upper limits on 7 spectral sharp feature intensity:
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Upper limits on I/ spectral sharp feature intensity:
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clear possibilities to have double monochromatic DM
—> evidence + observation of associated CR excess!
and to distinguish classes of operators and scenarios



