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NEW PHYSICS
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DARK MATTER DECAYS

Can the highest energy IceCube neutrinos
be exptained bv heavy dark makber cle«t;a:js;?

Mo, Tou 10%¥s5 )\ 1 PeV

B. Feldsteinj A. Kusenko) S. Matsumoto and T. T Yanagicia, Phgs, Rev. D88:015004, 2013
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Cawn ALL IceCube neutrines be
explained bv heavy dark matter decays?
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A. Esmailiand P. D. SCrPico) JCAP BI1:054, 2015
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NEUTRINOS FROM DARK MATTER DECAYS
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IF IC A. Bhattachargaj A. Esmaili SPR and I. Sarcevic, arXiv:1706.05746
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DARK MATTER DECAYS
Are heubrinos from DM cle«t:a:js tmmpa&ibi& with

the anqular distribution of the IceCube events?

1S isotrol:)g better? is DM better?
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Y. Bai, R. Lu and J. Salvado, JHEP 1601:161, 2016
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- BN . \/itacliano, Phys. Lett. B757:251,2016  JCAP 1412:054, 2014
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DARK MATTER DECAYS
several energy spectrum analyses

Low energies: DM+astro (index=2) Limiks o mownochromatic cieamvs
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Decay channel:

— DM ->v. +X
— DM -y, +X
— DM -y, +X
--- (zero backgrounds)

Lifetime / Br(y, — vx) T [s]

This analysis
IceCube PRD (2011
Fermi-LAT ApJ (2012
Esmaili et al. (2012
PAMELA Data JCAP (2013) -
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C. Rotigke Kohriand S. C. Park, G El Aisati, M. Gustafsson

A. Bha’ctacharga) M. H. Reno and I. Sarcevic, Phgs. Rev. D92:025529, 2015 and T. Hambge,
JHEP 1406:110, 2014 Phys. Rev. D92:123515, 2015
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EoSHFens iy Minakata, B. Panes and R. Z. Funchal,

F C JHEP 1502:189, 2015 R Chianese) G. Miele and s. Morisi, JCAP 1701:007, 2017
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DARK MATTER DECAYS: GAMMA-RAY BOUNDS

The neulrino spectrum from DM decays is accompanied bj a gamma-ray spectrum

However, at energies £ » 10-100 TeV, the Universe is opaque to gamma-rays
due to the interaction with the backqground radiation field (IR or CMB):

gamma-rays produce e pairs, which produce further gamma-rays via
inverse Compton onto CMB photons, until the energies foll below ~100 GeV

ditferent absorl:)tion for extragalactic and galactic signals

ik seems ko worlk...,

CASA-MIA
KASCADE
(b,1)=(0,n)
= (b, 1)=(7/2,0) , Bpyo =0

--  (b,)=x/2,0), Byao = 1 uG
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A. Esmaili and P. D. Serpico) JCAP 1510:014, 2015
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DARK MATTER DECAYS: GAMMA-RAY BOUNDS

The neulrino spectrum from DM decays is accompanied bj a gamma-ray spectrum

However, at energies £ » 10-100 TeV, the Universe is opaque to gamma-rays
due to the interaction with the backqground radiation field (IR or CMB):

gamma-rays produce e* pairs, which produce further gamma-rays via
inverse Compton onto CMB photons, until the energies fall below ~100 GeV

ditferent absorl:)tion for extragalactic and galactic signals

Ik seemis ko worl.... majbe some tension with some channels....
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Fermi (this work)

o IceCube (this work)
' vzzz2 TeeCube 30 (Comb.) .
vz IceCube 30 (MESE)

A. Esmailiand P. D. Serpico) JCAP 1510:014, 2015

IF IC See also: K. Murase and J. F Beacom, JCAP 1201:04%, 2012

K. Murase, R. La]ﬁa, S. Ando and M. AHers, Phgs. ReEVSFCEEm @ISO 2S5
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DM DECAYS + ASTRO: HESE ANALYSIS
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IF IC A. Bhattacharga, A. Esmaili, SPR and I. Sarcevic, arXiv:1706.05746
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DM DECAYS + ASTRO: HESE ANALYSIS
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A. Bhattacharga, A. Esmaili)
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ONLY DM DEcAYS: HESE ANALYSIS

Only DM? but too much

Two dﬁ&&j UG contribution from
soft channels’:’

DM —{92% bb; % v.7,| DM {92% uii; ¥% v.7,}

[ ) Data [ ) Data
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IF IC A. Bhattacharga, A. Esmaili) SPR and . Sarcevic, arXiv:1706.0574-6
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DM DECAYS + ASTRO: HESE ANALYSIS

Neutrino limits are better than gamma-ray ones

for relativelg hard channels

GAMMA-RAY i N " S IIC4—yrHESIE(D1I\/I—I>I/II/+IWI*I)I_§
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A Bhattachargaj A. Esmaili, SPR and I. Sarcevic, arXiv:1706.05746
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DARK MATTER DECAY MODELS

A unified solution for the makter-antimatter
asvmmeErj and dark matber?

In the standard see-saw scenario the decays of right-handed neutrinos
con explain the baryon asymmetry via leptogenesis... but the decays are
too fast so that none of them is a qood dark matter candidate

If one is decoupled (vanishing Yulawas),

O
., = O (m W
itk can F”’“v the role of dark matter 4 ( D)ﬂz ( D)ﬂé"
O

But how is it produced then? RH-LH mixing is koo small

A.. i
via Higgs portal interactions (non-diagonal couplings) J ¢*¢ ls.lf‘b.l\j
A
A. Anisimov and P. Di Bari, Phgs, Rev. D80:075017, 2009
’ AN e i o {
via medium effects DM can be produced non- 4E  16E S 19k
adiabatically from RH-RH heubrino mixing AH = 2 2 2
> i AM® T %
% 12A 4k 16k )
P. Di Bari, O. Ludl and SPR, JCAP 1611:044, 2016
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DARK MATTER DECAY MODELS

These small couplings induce long Lifetimes

[ J IceCube data
s Total
——— atm.  IceCube

atm. v IceCube
— aStrOV (Y=2 ; ¢ =1.6)

m— DM decay (M, =300 TeV ; 1, = 10"s)
Total IceCube best fit (60 TeV- 3 PeV)

50% :N — "W~

Events per 1347 days

25%:N —> v, 2,v, Z

25%:N —> v, h,v. h
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DARK MATTER DECAY MODELS

Extended SM with an U(1)e-L symmetry, 3 RHN and new Higgs:
can explain leptogenesis, dark matter and heutrino masses

after U(1)e-L symmetry breaking RHN acquire mass, then
impose one of them is almost decoupled. Same Yukawa
structure as in Anisimov and DL Bari, 2009, although the
production mechanism (via inflaton decay) is different

s s
10 :
105 10*  10°  10® 107 108 10° 10'°
M [GeV]

T. Higaki, R. Kitano and R. Sato, JHEP 1407:044, 2014

PeV RH neutrine in an S4 flavor symmetric extra U(1) model:
resonant leptogenesis, non-thermal production of the
heaviest RHN, signatures at colliders (new colored particles)

Y. Daikoku and H. Okada, Phgs. Rev. D91:075009, 2015
U(1) dark gauge symmetry with a dark fermion (DM) and o RH
neukbrine that connecks wikh SM. DM de«r::sz ko Ehree p&r&ir:tes
IF IC P. Ko and Y. Tang, Phys. Lett. B751:81, 2015
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DARK MATTER DECAY MODELS

Leptophilic DM as a fermion singlet with a dim-& portal

jafy (Eagﬁ )(E)/Z) v E«a@(
M5,

Nown-thermal production (during reheating)
requires low reheating temperature
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IF I S. M. Boucenna et al, JCAF 1510:055, 2015
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DARK MATTER DECAY MODELS

Leptogenesis-DM scenario within a lefb-right model.:
DM produced thermally via interactions with SUQR)k gauge
bosons, negliqgible Produrﬁ:&mn from RH-RH mixing

M. Re Fiorentin, V. Niro and N. Fornengo, JHEP 1611:022, 2016

PeV RH neulrino with extra SU(2) gauge interactions and a
softly broken Z; symmetry, which allows for DM decays

P.S. B. Dev, D. Kazanas, R. N. Mohapatra) Wali2 Tel:)litz and Y. Zhang JCAP 1608:0%4, 2016

Lefb-right model with two DM candidates (decays into
Light DM and neutrinos) and thermal production of DM

via s—channel annihilations with exbtra fields
D. Borah) A. Dasgup‘ca, U. K. Dey, S. Patra and G. Tomar, arXiv:1704.04158

Secluded DM, decaying into neutrinos and dark fermions,

The larger the number of fermions the broader the spectrum
N. Hiroshima, R. Kitano, K. Kohri and K. Murase, arXiv:1705.04419
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BOOSTED DARK MATTER

A. Bhattacharga, R. Gandhi and A. Gupta, JCAP 150%:027, 2015

DM tampase_d of two particles:
a dominant conbribution with a mass me= few PeV

a Lighter one y (my << mp) produced from decays of ¢

scatterings of highly relativistic y
5 with nucleons of the detector
undistinguishable from NC neubrino interactions

To explain PeV evenks
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BOOSTED DARK MATTER

Adding bremsstrahlung of the (Fseudo-scai.&r)
mediator, produces also a low-enerqgy heutrine flux

m,=30GeV, m,=80GeV, m¢,=3.f—3Pe\.)’i lceCube
100} g, °fs/T5=1.21%1072%s7" — Total

no need of astro neutrinos

--- Neutrino

DM could explain all events!

Event after 988 days

""" may eveh expi.ain &C gamma-ray excess

10° 104
Deposited EM—Equivalent Energy [TeV]

J. Kopp, J. Liu and X.-P. Wang, JHEP 1504105, 2015
PSEUDO-SCALAR MEDIATOR

SCALAR MEDIATOR LIGHT VECTOR MEDIATOR LOWER DM MASS

i .
Total predicted events Galactic LDM scattering i

2 _ wm# Sec. v from a decay & & ICdata .
WSS Extragalactic LDM scattering Atmospheric bkg. (IC est.) -

; . .
Total predicted events Atmospheric bkg. (IC est.) -

102 . M4 Secondary v from a — c¢ WWWe Events from y N scattering _
: Astrophysical neutrinos & O ICdata -

Total predicted events
we®®® Events from xNV scattering
Astrophysical neutrinos

,_

Events [1347 days]

Events [1347 days]

E [GeV]

GeV
ds. Mukhopadhgag, JCAP 1705:002, 2017
Neutrinos on the Earth and from the Sky

A. Bhattacharga, R. Gandhi, A. Gupta an
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NEUTRINO-DM INTERACTIONS

As heutrinos pass through the Milley Way, they would
be more attenuated in the direction of the &GC

energy-dependent anisotropy in the
(otherwise isotropic) neutrino ske

Atmospheric muons
—— Atmospheric v
—— Atm + Astro. v, no DM
(Sx:9p) = (1/2,1),g=1
—(Sy,85) = (1/2,1),9 = V5

Events per 1347 days
108 grmax

FERMIONIC DM/
VECTOR MEDIATOR

Egp>60 TeV g
—Atm: + Astro., no DM =
(5¢.55) = (1/2,1),g =1 >«
——(8,5) = (1/2,1),9 = V5 = =
—— (5, 86) = (0,1/2) n A .
S 1] g
ig =
= i g
3 -4 Z
‘ < O
L] [ ] U E
suppression i /B
2 [ . l.l.l
the CCG direction n
60 90 120
Angle 0 from galactic centre (deg)
IF IC C. A. Argijé:”es) A. Kheirandish, A. C. Vincent, arXiv:170%.00451

INSTITUT DE FISICA | Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky



) u....u 3 Vv
= @
e e
w.‘. 42
By g
”.. o
&
H , m
i
H
[y}
€3
(]
=
g
(@)
w0
(@]
5
3]
=3
()
=

T

1

[}

\

o

3 1

.

£ . i1 3
i

3 -

X

”‘ Y .. » .
- SR

-

Shans & oo

Sergio Palomares-Ruiz



WHAT ABOUT FLAVOR?

it carries information about the
mechanism of production..
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WHAT ABOUT FLAVOR?

it carries information about the
mechanism of production..

«but also about the way neutrinos
propagate from the sources to the detector

Exotic physics could F?m»du,&@. deviakions
from the standard expectations
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STANDARD COSMIC PROPAGATION

. ‘ . 3 ’ ' . | Credit: DESY
Joar = W ) . : .
flavor ratios ot source:| = . - i -
(ae,S :au,S :aT,S) Qi " By °°..‘ ' - .
s . M
.'-'? "-. .- \T e
' :Q'w. . . » Pr

flavor ratios ok Earth:|

(oce,@ @ :(xf,@)
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FLAVOR RATIOS AT SOURCE AND EARTH

o> urrv (v,) ﬁi%‘fi“”vy(‘%) i AL
l : l
Qi‘?‘ve_(ve>*‘7y(vu> @.i*vg(vﬁ»,)*‘.vﬂ(vﬂ) Qi*ve(ve>+‘7ﬂ(vﬂ>
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Muon c&amped (v
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FLAVOR TRIANGLES

If outside the blue-
white regjons, it must be

caused bg new Phgsics
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NEUTRINO DECAY
Lepton flavor violation implies neutrino decays

several diagrams : 5
T, =il Bi@irss Lol ( ¥ ) £
3v M 0«1 1 QV; M

5
I =sun*(20)G2 Ad
P 1e8) *’(?62«“”) i

S it
Esy =10

SEEE ] 0) " ]
155 ot | S (2 AT,
o ( B ey

e 7
Ey =10

huge lifetime
detection: NEW PHYSICS

Early computations ‘ ‘
S. T. Petov, Phys, Sov. J. Nucl. Phys. 25:340, 1977 Radiakive c&aaajs:

T. Gold d G. J. Steph Phys. Rev. D16:2256, 1 :
oldman an / ephenson, Phys. Rev 56,1977 SQV\@.T’Q&L ﬁOMPM&Q&LOM
E. Ma and A. Pramudlta) Phgs. Rev. D24:1410, 1981 '

IF IC Y. Hosotani, Nucl. Phgs. BI9L:41, 1981 P. B. Pal and L. Wolfenstein, P]ﬂys. Rev. D25:766, 198!
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ASTROPHYSICAL NEUTRINO DECAY

J. . .Beacom, NEE Be”, I Hooper, S. Pakvasa and T. U. Weiler) Phgs) Rev. Lett. 90:181501, 2003
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IF IC M. Bustamante, J. . Beacom and K. Murase, Phgs. Rev. D95:063013, 2017
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ASTROPHYSICAL NEUTRINO DECAY

JaFrbDegeom NE L’)e”, B Hoo]:)er, S. Pakvasa and T. U. Weiler) Phgs) Rev. Lett. 90:181501, 2003

ViV

Invisible ciau_gk%ers

e, = E‘Uﬁi
3

2
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2
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2 » ~L . ; T :
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2 (I)SOM‘I“CQ
VB

Daughters with full energy (quasiwdagamaraﬁe)

(I)va = %‘Uﬁt

2 R R
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(I)vﬂ 14 7 2 ‘Uﬂi Uai (I)Vﬁ ] 2 ‘U.Bi
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2
source
Br. .2,

U,;

Unstable Daughters Branchings

V. V3 anything irrelevant
Vs sterile irrelevant

vy full energy By ., =1
degraded (a = 2)
full energy By, =1
degraded (a = 2)

anything Bs_., = 0.5

IFIC | B;_., = 0.5
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ASTROPHYSICAL NEUTRINO DECAY

Using flavor ratios in lceCube

Vary G,-,-,Scp No decay
Best Fit | =D =0.50
D =0.10

B D =0.01
(complete

0.1 02 03 04 05 20-6 0.7 08 09 01 02 03 04 05 06 07 08 09 1
|U9f| fe,@

M. Bustamante, J. F. Beacom and K. Murase, Phgs. Rev. D95:06%013, 2017

IF IC See also: G. Pagliaroli) A. Palladino, E L. Villante and F Vissani, Phgs. Rev. D92:115008, 2015
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PSEUDO-DIRAC NEUTRINOS

R. M. Crocker, E Melia and R. R. Volkas, Astrophgs. R Suppl. 30: 3%9, 2000; and 141:147, 2002
Jo - Degecom, N 17 be”) D. Hooper) S G Learned) S. Pakvasa and T. U. Weiler, Plﬂgs, Rev. Lett. 92:0010F 2004

5 m, ; Dirac neutrino: m =m, =0

=
1

\ Wy T J Pseudo - Dirac neubrinos: m ,m, <cm,

moaxinal mixing: tan2o=2mp/(ng—mi)>>1

2 3 ot . Testable:
2 . i
®©, = DUy [Ug| @) 1-sin* c g (Mper  E
) (P
2/3: 1 Rz=tracks/showers

14/13 : 1

No Sterile
Average on 2nd and 3rd pairs

2/3:1
4/3:1

14/13 : 1

J. . Beacom et al., Phgs, Rev. ettt 92201101 2004
Some models:
A.S. Joshipura and S. Mohantg and S. Pakvasa, Phgs. Rev. D89:0%5500%, 2014 1516171819 2 21 2223 2425

o
Y. H. Ahn, 5. K. Kangand C. S. Kim, JHEP 1610:092, 2016 _
IF IC A. Esmaili, Phgs) Rev. D81:015006, 2010
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OTHER SCENARIOS

What if any incoherent mixture of mass eigenstates is possible?

neukbrine de.cmjs, pseuda-bira«r: neulbrinos... or neubrino secret interactions, Plancike-scale decoherence

New physics I New physics

9,;,8sz BF,10,30‘ 0.1 0.9 Std. mixing
v, flavor cont.

0.2 Yet, flavor trian gle

not Fu”g covered!

More exktremwe
sCcenarLos are
reqmred!

0.1 02 03 04 05 06 07 08 0.9
fo.0

M. Bustamante, J. F. Beacom and W. Winter, Phgs. Rev. Lett. 115:161302, 2015
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MORE EXTREME SCENARIOS

USE«MQ E“fﬁf@.&ﬁ\/é C}F’ETQ&OYS‘: @Ho\vc}r structure
general evolution hamiltonian of new physics

o
2F A,

n=0 : neubtrino couplings to spacetime torsion, CPT-odd Lorenkz violation, NSI

4

U,0,U,

b3
1)
Y

CPT-even Lorentz violakiow, equiv&ienae_ Frév\ti,yi.e violation

2:0
0:0
1:0
0:1

— — — ~—

1

.0 0.0 1.0 0.0
00 02 04 06 08 1.0 00 02 04 06 08 1.0

.0 0.0 1.0 0.0
&) @ 00 02 04 06 08 1.0 00 02 04 06 08 1.0
a, a, o &

IF I C. A. Arg[je”es, T. Katori and J. Salvaclc')) Phgs. Rev. Lett. 115:16130%, 2015
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TEV GRAVITY MODEL

One extra dimension with a fundamental scale ok Ms ~ TeV
and a mass > §0 MeV for the first KK mode (graviton)

enhancement of the cross

E 3 S
section obiilh eikerqle MITTM IR YET S soft interaction

—
S
B~

—_
3
a1

o)
k=)
=~
o)
~
Z
)
o)
=~

—
i
(@)

J. 1. llana, M. Masip and D. Meloni, Astropart. Phgs. 65:64, 2015

interactions of downgoing cosmoqgenic neutrinos
would only produce showers (Lilke NC interactions)
IFI C and might explain the lack of tracks
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LEPTOQUARKS

A. Anchorcloqui, C. A. Garcia Canal, H. Golclberg, D. Gémez Dumm and F Halzen, Phgs. Rev. D74:125021, 2006

Leptoguarks are colored particles with lepton and baryon number
that appear in GUTs and recently can solve some flavor anomalies

See also:

V. Barger and W.-Y. Keung, Phys. Lett. B/27:190, 2013
Q A I N. Mileo, A. de la Puente and A. SZgnkman, JHEP 1611:124, 2016

a2 = 500 GeV
w2 = 600 GeV
s = 800 GeV
2 = 1000 GeV

Number of Events per 1347 Days

IX
Deposited Energy (GeV)

IF IC U. K. Dey S Mohantgj JHEP 1604187, 2016 B. Chauhan, B. Kindra and A. Narang , arXiv:1706:04598
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OTHER EXOTIC SCENARIOS

secret neutrino interactions
via 4 MeV mediator

| Sergio Palomares-Ruiz Neutrinos on the Earth and from the Sky



FINAL COMMENTS

Neubrinos opemed a window ko
build khe Standard Model

A Lok has been learnt... buk
a Lok more uetk bo be Llearnk

Neubrinos could be bhe right tool
to understand the missing blockes

A huge range of energies,
a huge variety of phenomenology,
a lot to be tested
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