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Dark Matter

Dark Energy 68.3%
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— PREDICTED
—— OBSERVED

Observations support Dark Matter

= Dynamics of clusters and galaxies
Structure formation
CMB anisotropies

Baryon Acoustic Oscillation

Qpvh® = 0.1196 + 0.0031
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Dark Matter Searches

D S D
indirect direct
defection defection
D S
S D
oarticle astrophysical
collider probes
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Neutrinos

Forero, Tortola and Valle PRD Q0 (2014) 093006
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The SM\ predicts zero neutrino mass

Beyond SM physics is required o explain

mass spectrum and mixing angles
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Example 1

light) Dark Matter candidate

and neutrino masses

Maijoron dark matter from a spontaneous inverse seesaw model.
N. Rojas, R. A. Lineros, F. GonzalezCanales. [ ]
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https://arxiv.org/abs/1703.03416

Neutrino mass mechanisms

A large fraction of the models uses the 5-dim Weinberg operator to
generate majorana neutrino masses

1
Osij = (L;H)" (L;H)

This operator breaks lepton number in 2 units

”02

057;]' — K Viyj
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Neutrino mass mechanisms

The commonly known schemes are see-saw mechanisms

Type-I Type-ll Type-Ill
H. , H H _ _H H, , H
\ / RN \ /
\ / T \ /
\ N / | \ D /
05@']' Y —{ Y A Y Y—s Y
|
L L L L L L
m, X my X m, X

M N M3
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Enters the Majoron

The Typel seesaw can be generated by the sponfaneous breaking of
the U(1) lepton number symmetry

vg + o0+ 1J

. /I\

L5 —y LHN® — 22 SNeN + h.c.
10 T 2 209
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Enters the Majoron

After the SSB, we get the Type-l seesaw

My

LD —mpi, N NEN + h.c.

and 2 scalars: 0 and J
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Enters the Majoron

mp — JLUH
V2
M — Ysvs
After the SSB, we get the Type- seesaw N2
M
LD —mpi, N 5 NEN + h.c.

and 2 scalars: O and ] —<———— D/\/\ COﬂdidOTe
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/\/\O‘OFOH as D/\/\ (pros) =i

10—25 N

10% |

10-29 | ee

» Neutral o, |

» Weakly coupled to the SM 1072 | oo

107° }

L..ls7 ]

= long lived

1037

Details in arxiv: 1406.0004
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Maijoron as DM s

o —aumd
¢ —d
¢ —aumd
@ —aumd

mJ:O

... but global symmetries are not protected under gravity effects

mj#()

... and the majoron DM is just a pseudo Nambu-Goldstone boson

Therefore
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/\/\O‘OFOH as D/\/\ [our proposall ArXiv:1703.03416

What defines a majoron DM@

e It is a (pseudolscalar
e It is part of the neutrino mass mechanism

e lts signature is the decay info neutrinos

e |t IS massive
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Inverse seesaw

The standard inverse seesaw uw<Lmp <M
1 0 mp 0

e = —EngCMnL + h.c. M= | mj; 0 M
0 MY u

n% — (VL&vaNQ)
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Inverse seesaw

The standard inverse seesaw uw<Lmp <M
1 0 mp 0
e = —§n£CMnL + h.c. M= | mj; 0 M
0 MT pu

TZE — (V L, N fj N 2) (

lepton number
violating term
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Inverse seesaw

The standard inverse seesaw

Active neutrinos

mDQ
me = (57)

13 Sep 2018 R. A. lineros

w<Lmp <M

Heavy neutrinos

m 7
r = M 18 |
TN M 2
m> L
— M 2
N M 2
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Inverse seesaw

The usual inverse seesaw hierarchy: uw<Lmp <M

Some numerology:

M ~100TeV mp ~10GeV  pu ~ 10MeV

m, ~ 0.1eV v _7
-2 10
T M
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Spontaneous Inverse seesaw

To generate the inverse seesaw scheme we need 2 complex scalars

Yx

L =—yLHNS — ygSTNyN¢ — ; = XTN¢Ny + hee.

YL Up YsUs YxUx
mp — , M =

V2 V2 V2
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Spontaneous Inverse seesaw

To generate the inverse seesaw scheme we need 2 complex scalars

Yx

L =—yLHNS — ygSTNyN¢ — ; = XTN¢Ny + hee.

ve > 50 TeV  vx > 5 MeV
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Spontaneous Inverse seesaw

But the charge assignments do not follow the typical one of the 1SS

L Ny Ny S X
SU2), > 1 1 1 1
U(l)y 1/2 0 0 0 0
U(1), 1 —1 x l—a2  2x
%= 35
yx

i
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Scalar potential

VX
The assignment fixes the potential W = E
Vscalar = Vxs + Vuxs + Vi
Vi = Aepe®XS™ + h.c.
g _ vsew—l—as—l—iXS Y _ vxeT +ox +ixx

V2 - V2
The tadpole equations relate the CP phases: T=30—-0—
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Mass specfrum

Now we have 5 spin-O fields: 4 related to L breaking
I related to EVW breaking

G G2 63 G G5 e

o L\

4

5 Heavy scalars

2 Us 2
Mo = QW)\CP(l + ) MC23 a7 O(U%)
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Majoron DM stability

The only candidate is the lightest massive scalar i.e.

We still has to satisty the stability condition:

Cpv < 107°2 GeV
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G2 = Jpm
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Decay modes

There are potentially dangerous decay modes:

vV

Jom — — — Jov——-@ - —-(4
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Decay into neutrinos
a=-—~10""

The decay rafe vanishes for:
Wop = 2/3

FL, — F(]U (wg) 4&2

& i m, \2 /[ M; Vg —2
Loy (wp) = 1077 GeV (O.leV) (1 keV) (1OOTeV)
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Decay into neutrinos

J DM — VUV
1.6 - 10—45
Too unstablel
1.4 1
19 P Stability thanks to
. T > .
= $  vevalignment
\ o)
5 3
> 1.0
I Tz
2 3 z
W= 3 - 0.8 10-55
0.6
0.4 T —— T —_————y 10—60
108 10? 1010 1011 1012

vs [GeV]
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Decay into scalars

Without a protective symmetry, this channel is not suppressed

However we can find the parameter space where the mode vanishes

1 C1 7G1 . C1
/ / i
/ / A2k,
4 / Jppy===== (
’ / l
’ / '
JDM---;'.---- Cl - JDM ----- ('----Cl + Z 0 k ,: Cl
\ \ k
\ \ M1k N
\\ \\ N
C1 C1 * G
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Decay into scalars Tons — s

=04 Y = 0.1
0.8 ’

: ] AX:‘V47T

0.6- - Ay = 1.00
< - |

i e Ay =0.

0.47 1 x = 0.45

? e Ay = 0.20

0.2f -~ e Ay =0.10
0.0— /

0.0 0.5 1.0 1.5 2.0 2.5 3.0

w = vx/vg

The interplay of different diagrams allows to vanish the decay mode
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Decay into scalars Tonr s s

A=0.2 A=0.5
1.o——————————————] 10—
i T | i
0.8/ f\ 1 08} ]
I AX = \/471'
0r ] $0-6 1o Ay = 1.00
' I ' 1@ Ax = 0.20
0.2 1 02 ] ¢ Ax =010
0.07\ L L | L L L L | L L L L | L L L L 1 L L L L | L L L L | 7\ 0.07‘ \ \ | \ | | | | | \ | | | L L L L | L L L L | L ! ! f | A
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
w = vx/vg w = vy/vg

There is a whole volume that satisty this condition

13 Sep 2018 R. A. Llineros. UTFSM San Joaquin 30



COHC‘US]OHS (of this part)

e The spontaneous inverse seesaw provides a well suited majoron

DM candidate

e Our majoron DM is phenomenologically equivalent to the PNGB

e The vev alignment has a relevent role in the DM stability
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13 Sep 2018

Example 2

Dark Matter interaction
with neutrinos

Neutrino propagation in the galactic dark matter halo.
P.F. de Salas, R.A. Lineros, M. Tértola. |

R. A. Llineros. UTFSM San Joaquin
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https://arxiv.org/abs/1601.05798

Neutrino oscillations

Flavor and mass eigenstates do not coincide  |vg) = Z U, Vi)

Mass eigenstates
evolve according fo:

k

oY
i— =HY
ot
| 0 0 0
Hyne = 5z U | 0 Am3, 0 Ul

0 0 Am3,

The final v flavor depends on: Initial state, Source distance, Neutrino energy

13 Sep 2018
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/\/\O Her eﬂ:eCTS (a.k.a. MSW effect]

The interaction with a medium modities the oscillation patterns w.r.t. vacuum

14 14 14 14
>
_|_
>
€q €q €q €q

7'{tot — anc +V
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Dark Matter effects
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Dark Matter effects

The interaction with DM might modity the oscillation patterns w.r.t. vacuum

14 14 14 14
>
_|_
>
X X X X
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Dark Matter effects

We parameterized the effective potential using a “weak inferaction” form:

Vas = Aas Gr Ny (T)

But also spatial dependency:

Vag = VS% x f(T)
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Dark Matter effects

We parameterized the effective potential using a “weak inferaction” form:

Vs = Aaﬁ Gr N, (

But also spatial dependency: / \
X f(X)

aﬂ—
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Flavor composition in lceCube

THE ASTROPHYSICAL JOURNAL, 809:98 (15pp), 2015 August 10

v, : v, Vv at source
M T

m 0:1:0

e 1:2:0

e
Latest result on flavor composition

13 Sep 2018
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Sensitivity affer 10 years

ICRC 2015
V'V, 'V, at source o IceCube 20
w 0:1:0 2 Preliminary ||
90 o 1:2:0 1.00 118
A 1:0:0 <
g B\ 116
........................ | 14:
112 E
""""""""""" 110 4
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g |
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VWhat we expect?

Std. mixing 0 (fe:fuife)s
0;,6cp: BF,16,30 0 all free
NH 1:2:0)

' 0:1:0

-------
---------
-

0.8

o?mecube 2015
e

0O 01 02 03 04 05 06 07 08 09 1

fe,o

13 Sep 2018

M. Bustamante etal. PRL 115, 161302 (2015)

New physics ~ ° B New physics
0;,0cp: BF,16,30 0.1 Std. mixing
NH v; flavor cont.

---------

-----

OjﬁeCube 2015
1

0 01 02 03 04 05 06 0.7 08 09 1

fo.0

42
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Eftects from New Physics

Argielles et of. PRL 115, 161303 (2015)
0.01.0
3 Sources of New Physics:

- Space forsion

- CPT - Lorentz violation

All NP eftects are homogeneous in space
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L Va2 leV]

111111

-----

Composition in a homogeneous halo

E, = 1 MeV E, =1TeV E, = 1PeV Re

11111111111

10713 102
Vii [eV]

Homogeneous DM distribution can mimic
New Physics effects

Higher v-energy, smaller potential are
accessible JAVAVAVAV.

13 Sep 2018 R. A. Llineros. UTFSM San Joaquin




Spatial dependence

Isothermal R,
Case C 45°

Vo =40x 107 eV

10 5 0 5 10 15 20 25
[ [kpc]
90°
GC NFW profile R
Case C 45°

Sun

1 -l 1
10 5 0 5 10 15 20 25

13 Sep 2018 I [kpc]

90°
Ry,
45°
10 5 0 5 10 15 20 25
[ [kpc]
90°
Ry,

459

-
10 5 0 5 10 15 20 25
[ [kpc]

90°
R:
450
I | 1 {
0 5 0 5 10 15 20 25
I [kpc]
90°
Ry
450

-l
10 5 0 5 10 15 20 25
[ [kpc]

Vop = Vo X fom(r)

1

0.5

-05



Composition in a NFW halo

19 (1:2:0) 0\ voo—107ey  fO0(1:0:0) 0, Vinax
<10 ev
s NFW ® vacuum <10 eV
mesm constant 0.2 0.8 % IceCube 0.8 19
® vacuum ’ : . <1077 eV
¥ TceCube <10 eV
N <107 eV

L <10%ev

0 0.2 0.4 f@ 0.6 0.8 1 0 0.2 0.4
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Particle physics interprefation

The simplest scenarios are models with asymmetric DM

vV V

¥ (V()/,B:/la/,BGFNX
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Particle physics interprefation

13 Sep 2018

Or with scalar DM
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Particle physics interprefation

Ve [eV] 1072 1071 107"
Weak scale (a) assumptions: G = Gp, 411 = 1
mpm [eV] 1078 10710 10712
I, [pcl 1072 1074 10°°
100 GeV DM (a) assumptions: mpy = 100 GeV, [, = 50 kpc

A1 1077 1079 10~ 11
myz [eV] 1072 1074 1076

Y 1 keV DM (a) assumptions: mpp = 1 keV, [, = 50 kpc

Al 1077 10~° 1011
Vb y my [eV] 102 1 10~2

W
QBGF
N
One can fry to explain the effective potential

4 in terms of particle physics scales
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Particle physics interprefation

Ve [eV] 102! 1071 107"
Weak scale (a) assumptions: G = G, 411 = 1
mpm [eV] 1078 10710 10712
I, [pc] 1072 10~* 1076
Weak scale (b) assumptions: G% = Gp, [, = 50 kpc

A1 1077 10~° 10~
mpm [eV] 10715 10719 10~23

’
y Assuming weak scale couplings and mediators DM has to be
&QBGFIV extremely light. Fuzzy DM, Bose-Einstein DM@
X
f For A=1, the mean free path is sub-pc -
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W

Particle physics interprefation

1/
/lQBQ
LY
X
13 Sep 2018

Ve [eV] 10721 1071 10717
100 GeV DM (a) assumptions: mpy = 100 GeV, [, = 50 kpc
A1 1077 1072 1011
myz [eV] 102 1074 1076
V
100 GeV DM

sub-eV mediators, g ~ A" =107 - 107°

oy = 1.62 x 1075 (mpy/GeV) cm?
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Particle physics interprefation

Ve [eV] 10721 1071 10717

1 keV DM (a) assumptions: mpy = 1 keV, [, = 50 kpc

A1 1077 10~° 10~
my [eV] 102 1 1072

V
L % 1 keV DM
N /l h 1/2 _ -3 -6
G eV mediators, g ~ A2 =107 - 10
F]\,/\/
/ oy = 1.62 X 107 (mpy/GeV) cm?
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W

Particle physics interprefation

7] GF]V

13 Sep 2018

Ve [eV] 10721 1071 107"
100 GeV DM (b) assumptions: mpy = 100 GeV, [, = 106 Gpc
A1 10717 1071 1072
mz [eV] 1077 10~ 10~ 11
1 keV DM (b) assumptions: mpy = 1 keV, [, = 10° Gpc
A1 10-17 1071 10721
mz [eV] 1073 1072 1077

Assuming mean free path larger than the Observable Universe

Wilkinson et al. JCAP 1405 (2014) 011
oy, = 1077 (mpy/GeV) cm?

R. A. Llineros. UTFSM San Joaquin
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COHC‘US]OHS (of this part)

= Flavor composition might open a door to New-Physics effects

= Effects from the DM halo modity the oscillation pattern difterently than
in the homogeneous scenario

= (Hopefully] Correlation between flavor and arrival direction might
serve as fest of this hypothesis

= A particle physics explanation requires mediators lighter than eV

13 Sep 2018 R. A. Llineros. UTFSM San Joaquin
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Final words

» Neutrinos observables and DM are keys to
unveil New Physics

« DM candidates lighter than WIMPs can affect

neutrino observables

» We need fo propose new way fo fest
«unobservable» DM candidates

13 Sep 2018 R. A. Llineros. UTFSM San Joaquin

55



Dark I\/Iatter Hunters

Digital resources for hunting the dark sector

dmhunters.org

Daily digest of papers about
Dark Matter and related topics




lawphysics

Latin American Webinars on Physics

Recent detections of
gravitational waves

Isabel Cordero-Carrion
University of Valencia, Spain

Host: Joel Jones-Perez
Wednesday 13 December 2017 15:00 GMT

n/lawphysicsw
@lawphysics @ lawphysics.wordpress.com
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Thanks
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Backup

R. A. Llineros. UTFSM San Joaquin
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Charge assignments

L Ny Ns S X
5 possible models n=1 1 —1 LT 6/7 27
o | 1 113 23 93
~3 | 1 -1 35 25 65
, m+n =4
Vi = Acpe“‘ﬁXmST”
m+n =3
L N Ny S X
=1 | 1T -1 155 155 2/
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The rest of the scalar potential
Vex = —ns|SI" + AZS SI* = ik IXT" + %X X[P 0 S1X] + W,

A
Visx = —py H'H + f(H*mQ +us |SPHYH + Aux | X)PHTH
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Mass specfrum

2 Ry L9 AixAs + AsAx — 4N msAux
h= 9 1 2 AN2 — Aghx
2~ ve [(—A + A + 2 xwy
G 7 9 21/
v (A + AY + 2Axw
ﬁfi el ; ( ¢2w X w) Ag = A + Ixw?
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Numerology

Parameter Value
M 100 TeV
[ 10 MeV
mp 10 GeV
Vg 10% — 10" GeV
W 0.4-1.6

13 Sep 2018
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Dirac DM model

1% 1% 1% 1%
I
Neutrinos - —¢— + gb:
I
% _
1%
I
Antineutri - fb_ |
NfiINeutrinos + QSI
I
X X X X
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