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Is It possible to detect dark matter via neutrinos
and not gamma-rays or anti-matter?



Neutrinos have masses and mix

Mass splittings v/

An gl eS V Normal Inverted
vz I N o
Phase(s) x t }ami,
- g
" A
Ordering x i, .
R
Mass scale x o Ani
Dirac vs. y ——
Majorana x §amh '
vy I — I 3

Mass origin x

Julian Heeck (ULB) - Majorons 3



Majoronic seesaw

» 3 singlets N + new scalar o = (f + 0% +iJ)/V2.

B-L breaking scale Heavy scalar Majoron
(inflaton?)

[Chikashige, Mohapatra, Peccel, ‘81; Schechter, Valle, ‘82]

« Break U(1)z, spontaneously: Mo — Af
,—*—\R V2

L = - LyHNg — INgAoNg + h.c.

e For Mg > mp: M, ~ —mDI\/Ilglm[T)

Mp 2 1013GeV
~ leV ( ) .




Parametrization of our ignorance

T T

“Known”: M, = U diag(ml, mo, m3)U ~ —mDI\/IlemD

X

PMNS mixing matrix

* Leaves 9 unknown parameters.

- Here: hermitian mpmy,.

[Davidson, Ibarra, hep-ph/0104076]

e One-to-one: {mp, Mg} < {M,, myml}.

- Useful: majoron loop couplings depend on mym}.
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Tree-level couplings )

s L=1J>", (%) Duyson + .
N

Tiny coupling: neutrino mass over B-L breaking scale!

* Long lifetime - majoron dark matter!
[Berezinsky, Valle ‘93; Lattanzi, Valle ‘O7; Queiroz, Sinha, ‘14]

2 2
1 m, 10°GeV D my
[J—wy) = 3% 10D (MeV) ( f ) (10—3ev2)

« DM abundance e.g. via freeze-in.

[McDonald, ‘02; Hall, Jedamzik, March-Russell, West ‘10; Frigerio, Hambye, Masso, ‘11]
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Flavor of J - v, V,
/

Mass eigenstates — no oscillations!

Pure v U

astrophysical
neutrinos
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Flavor ratios:

Qe : Q1 Qf
NH: 0.03:0.43:0.54,
IH:0.48 :0.22 : 0.30,
QD : 0.33:0.33:0.33.

[JH, Camilo Garcia-Cely, 1701.07209]
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Indirect detection

2 2
-~ 1 m 10°GeV 2 M
[J— ) = 3% 1005 (MeV) ( f ) (10—3eV2>

« General limit from DM - invisible: 7 > 5 x 10%s.
[Audren, Lesgourgues, Mangano, Serpico, Tram, ‘14]
e Can we observe the neutrino lines?

- m; > 10 TeV: No. Dominant decay is J —»vvh(h). » no line!
[Dudas, Mambrini, Olive, ‘15]

- Also want to avoid electroweak Bremsstrahlung.

[Kachelriess, Serpico, ‘07; Bell, Dent, Jacques, Weiler, ‘08; Queiroz, Yaguna, Weniger, ‘16]

- For MeV <m, < 100 GeV: Yes!
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Lower limit on breaking scale f (GeV)
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Lower limit on breaking scale f (GeV)
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Lower limit on breaking scale f (GeV)
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Reinterpreted Super-K data.
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Lower limit on breaking scale f (GeV)
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Look for neutrinos from light DM!

v lines detectable down to MeV. (

For free in searches for diffuse supernova
neutrino background. v

Borexino = indirect DM detector.

Future direct DM detectors (LZ, v
XENONNT) = indirect DM detectors.

Also Hyper-K, JUNO,...

DM - v easily dominant channel, no
SU(2) argument as for multi-TeV DM.

[El Aisati, Garcia-Cely, Hambye, Vanderheyden, 1706.06600]
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One-loop couplings

» Diagonal:

L —|Jq’y5q a5 (T3trK) + ; "
e (T tr K+ Kee) -

A

. Off-diagonal:

~ e K = rest of seesaw!
L = —iJ0PLO 2Ky

. Kggl‘ < tr K.
* New parameter: - One generation:
K L mDmEL) K ~ mV—MR 10~ 13MR/f
v -

[Chikashige, Mohapatra, Peccel, ‘81, Pilaftsis ‘94]
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Indirect detection Il

[(J — ff) oc m?O(K?)

« DM - 11, bb, tt, ... give

— continuous y spectrum:
Integral, Fermi-LAT.

— anti-protons and positrons:
PAMELA, AMS-02.

DM decay around z ~ 1000:
- modification of CMB.

[Slatyer, Wu, 1610.06933]

- Independent of DM profile.

Julian Heeck (ULB) - Majorons
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Indirect detection Il

1026:

[(J — ff) oc m?O(K?)

1025j

« DM - 11, bb, tt, ... give "
- continuous v spectrum:

Integral, Fermi-LAT. 1o
— anti-protons and positrons:
PAMELA, AMS-02. e

DM mass (GeV)

DM decay around z ~ 1000:
- modification of CMB.

[Slatyer, Wu, 1610.06933]

- Independent of DM profile.
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Upper limits on K, ,
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Two-loop couplings

 Full calculation 7 z
highly non-trivial.

[JH, Hiren Patel, in progress]

« J-Z mixing formally similar to triplet majoron:

[Bazzocchi, Lattanzi, Riemer-Sgrensen, Valle, 0805.2372]

tr K %
1672 v

« Gives the only DM signature for m; < MeV.

[Lattanzi, Riemer-Sgrensen, Tortola, Valle, ‘13; Queiroz, Sinha, ‘14]

(two loop) (one loop)

<

Oé2 r 2m3 m 2
F(J = 77) =~ S S NETE QP g (12 )]

Julian Heeck (ULB) - Majorons
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Is It possible to detect dark matter via neutrinos
and not gamma-rays or anti-matter?

Yes'
1% ff,7 VY
depends on depends on
M, ~ —mDI\/Ilglm[T). mDmJ[r).

Independent / Complementary!

Julian Heeck (ULB) - Majorons
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Summary

« Majoron couplings suppressed by J{1), scale.
« Automatically long-lived DM candidate.

 Seesaw and leptogenesis for free.
« For MeV <m;. J-vv In Borexino, Super-K,...
« Complementary to J - vy, &, qqg.
—

\

/ N
/ Always look out for lines!
\ )

\
/ Julian Heeck (ULB) - Majorons 24



Backup



Majoron = DM

« Naturally light, long-lived DM candidate.

* Indirect detection possible:

- MeV <mj: J - vy, vy, ff.

- keV <m; <MeV:J -vyy. Maybe warm DM.

[JH, Daniele Teresi, 1706.09909, 1709.07283]

Majoron # DM

* Increase couplings to produce J in lab.
 Measure seesaw parameters.

[JH, work in progress]

Julian Heeck (ULB) - Majorons
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Reconstruct seesaw?

{mp, Mg} & {M,, m m.}.

« Juv coupling to measure Y4}, scale f.

Use Jff couplings to reconstruct

Kee  [Keule®  [Kerle®
(Mpmb)ap = Kagvf = [ [Keule™ Ky, [Kurle® | v
Ker|e P K-le ' K,

Diagonal K entries from e.g. Jee, Juy, and Jyy.

Off-diagonal |Kg| from LFV: o - [3J.

\

Phase of off-diagonal K;?

Julian Heeck (ULB) - Majorons

Take from
axion/ALP
searches.
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Lepton flavor violation N

¢/
e Standard LFV in seesaw: . g ‘
I_(€—>€’7) ~ 3« —2 7 2
r(€—>€’l/gue/) — 8r ‘(m M mD)eel‘ y

« Great signature, but requires light N,

* With majoron: look for mono-energetic lepton:

[Pilaftsis, ‘94; Feng, Moroi, Murayama, Schnapka, ‘98; Hirsch, Vicente, Meyer, Porod, ‘09]

r(e—e')) 3 2 [(mpml),p

F(€—>€’w7£/) — 1672 m% v2f2

Julian Heeck (ULB) - Majorons



U—e Jwith J- Invisible

« TWIST, ‘15: limits on
different anisotropies.

» Chiral coupling pP, eJ
suppresses sensitivity! _
[JH, Camilo Garcia-Cely, 1701.07209] 10%

 Bremsstrahlung is

Mass of X (in MeV/cz)

80 10

60 50 40 30 20

90% C.l., A=-1

6

Branching Ratio ( X 10 )
[T ||||||||||||L||I|]|||||||||||| [T [T

90% C.I.,A=0

90% C.I., A=+1

competitive: y-e Jy.

[Goldman, Hallin, Hoffman, Piilonen, Preston, ‘87]

* Approximate limit

K| <107,

(a)
Julian Heeck (ULB) - Majorons
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T - £J with J = Invisible

e ARGUS, ‘95: 5e5 taus.

0.06

B(r — foy/B(t — l/v

005 F
0.04
0.03 |
0.02 |

0.01 F

« Belle, ‘16 prelim.; 1e9 taus.

O(20) times better
than ARGUS!

m, (GeV)

L B L BN B LA UL B LR R B < —

% 9 ’1.2E

E I 5

J E R 2

i EO%

T->¢eJd E %07-_
TR NS D I DS D > B

0 02 04 06 08 ! 12 14 16 0

 Also interesting for LFV Z'.

[JH, 1602.03810; Altmannshofer, Chen, Dev, Soni, 1607.06832]

* Improvement with Belle-Il.

* No limits yeton J- visibleort - £JYV.

Julian Heeck (ULB) - Majorons

500 1000 1500

m, [GeV/c]

Kre| <6 x 1073,
Ky <1073
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Mass origin via seesaw mechanism
®

Introduce 3 singlets Ni:

L = -LyHNg — 1NRMgNg + h.c.
\_V_’
mMp

For MR > mp: M, ~ —mDI\/Ilglm[T)

mp
100GeV

Majorana neutrinos: hope for Ov[3[3!

zleV(

Bonus: leptogenesis (even with majoron).
[Aristizabal Sierra, Tortola, Valle, Vicente, ‘14]

Julian Heeck (ULB) - Majorons

)

1013GeV

Mg

).
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Parametrization of our ignorance

“Known™ M, = Udiag(my, m,, m3)UT ~ —mDI\/IlglmD

N\

T

PMNS mixing matrix

9 parameters not known:

« M (3 parameters) and
Mp — iU\/diag(mj)RT\/ MR
with RTR = 1.

[Casas, Ibarra, hep-ph/0103065]

® {mD7 MR} < {Ml/7 MR7 R}

or

.'.
* Just mpmyp.

[Davidson, Ibarra, hep-ph/0104076]

* Hermitian, contains 9
real parameters.

e {mp, Mg} & {M,, m m{}.

Julian Heeck (ULB) - Majorons 32




Spontaneous B — L breaking

 Instead of explicitly, break U(1)s, spontaneously:

L = -LyHNg — NgAoNg + h.c.
\_v_l

| Mgr = AL
e New scalar o = (f + 09 + |J) \/5 V2
7\ N\
Breaking scale Heavy scalar Majoron
(inflaton?)

[Chikashige, Mohapatra, Peccel, ‘81; Schechter, Valle, ‘82]

e Scalar potential:

Julian Heeck (ULB) - Majorons 33



Pseudo-Goldstone

« Spontaneous global U(1) breaking gives m; = 0.

* Non-zero mass from:
- Breaking by gravity, e.g. wormholes,

mj ~v Mpl exXp [—O(Mpl/f)] .

[Alonso, Urbano, 1706.07415]

- Anomalies, e.g. iIf U(1)g., = U(1)po.

[Mohapatra, Senjanovic ‘83; Langacker, Peccei, Yanagida ‘86; SMASH ‘16]

- Explicit breaking, e.g. AV = im3J2.

Stay ignorant here, just put m..

34



Dark matter abundance

e Freeze out via AJJHH:
— mJ ~ mh/21 Dark Matter

- m; > 400 GeV.

Dark Energy

Julian Heeck (ULB) - Majorons 35



Dark matter abundance

e Freeze out via AJJHH:
- m;,~m,/2,
~ m, > 400 GeV.

e Freeze In:
QJ X er(h — JJ)

1010 2
= sz( X ) MeV.

[McDonald, ‘02; Hall, Jedamzik, March-Russell,

West ‘10; Frigerio, Hambye, Masso, ‘11]

Equilibrium yield

Y
Increasin
Increasing A for Freege)z)u’r
for freeze-in
10 >~<: -------------
””””” ————---[----——
1071:‘;“” —_—’ -=
-
= Stephen West
10715 L
i 1|0 ' 160

r=m/T

S Lyman-a constraints < 12 keV!

Use different mechanism:
JH, Teresi, 1706.09909, 1709.07283.
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