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Motivation

We know the Standard Model is incomplete.
Observations tell us that, in particular:

Neutrino masses Dark Matter

N ~

Is there a connection?
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Neutrino masses

Neutrinos oscillate — we have to add neutrino mass terms to the SM

e Dirac: LD —(Yy)ij VR EI/)T LLj +h.c. = (mVD)w = —(YV)’LJ

- At least 2 RH (i.e. sterile) neutrinos are introduced
- Lepton number (L) is conserved
- L-conservation actually needs to be enforced to prevent M REIC%I/R

- Requires Y, < 107"# (107 times smaller than the electron Yukawa)

C;jv>  Weinberg '79

* Majorana: LD i (LS, 72®) (@' 7oL j) + hie. = (m)')i; = o

A

- Effective dimension-5 operator (only one of that order in the SMEFT)

- AL =2 = Lepton Number Violation

- Naturally explain smallness of neutrino masses (if A > v)

- Requires an UV completion at A (that is, indicates a new physics scale)

Type II Majoron DM Lorenzo Calibbi (Nankai)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566

Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:
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Heavy fermionic singlets
(RH neutrinos)

Heavy scalar triplet

Minkowski, Gell-Mann,
Ramond, Slansky, Yanagida,
Glashow, Mohapatra,
Senjanovic, ...

Magg, Wetterich, Lazarides,
Shafi, Mohapatra, Senjanovic,
Schecter, Valle, ...

Type III

Heavy fermionic
triplets

Foot, Lew, He, Joshi, Ma, Roy,
Hambye et al., Bajc et al.,
Dorsner, Fileviez-Perez, ...
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Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type II
Heavy scalar triplet

Scalar SU(2) triplet A — ( AY AT/ \/5)
(hyperchargeY=1) At/V2 AT

Lrype 11 D (YA )ap FaALg +@<I>TA<I> +h.c. —> m, = —YA@U
L-breaking term [L(A) = —2] e
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Type Il seesaw with spontaneous L-breaking

What if the lepton number is spontaneously broken in type Il seesaw,
that is, pua is the vev of an additional scalar singlet o ?

L D (YA)a[g FQALB + KO dTAD + h.c.

(D) sy — YL
’ <> \/i 1 vlv%

0s S m— vg—§/{Mi
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ANV Ply = £
:A 0 U3
! (A7) = 2
1/ vV
1 V3
(M)as = —V2 (Ya)ap 03 = ——= (YA )ag K01+ 2
V2 MR

Choi Santamaria '91

—> and the spectrum will include a massless Joshipura Valle '93
Nambu-Goldstone boson (NGB), the majoron, Diaz et al. 98

Bonilla Romao Valle '15
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https://inspirehep.net/literature/313924
https://inspirehep.net/literature/338828
https://arxiv.org/abs/hep-ph/9803362
https://arxiv.org/abs/1511.07351

Spectrum of the model

The states of the three scalar fields mix:

1 , L (vg + Ry + i)
o = —2 (’01 + Rl + 111)7 ¢ = (ﬁ ¢— > ! Hz' = (OR>mRa, Az — (OI)ia[aa
A 75 (v3+ Ry +1il3) AY/V2 H = (04)iaS;, H™ = A*
A*/V2 At )

Mass eigenstates:

Majoron!
GO=Ay,, A=A;, GF=HE, H*=HF

We work in the small mixing regime, consistently with the constraints on
the fields’ vevs from EWPOs:

M, v3 + 203 Vew )
’ = MEcos? Oy o3+ 4l ol + 202 vg < 7 GeV
M7 cos* 0w vy +4vs  vEw + 203 L p=1.000240.0009 —>
. U2 = VEW
VEW = \/v% + 203 ~ 246 GeV J PDG '22

A viable model with a cosmologically stable majoron requires the hierarchy

—> V3 L V2 K V1
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https://pdg.lbl.gov/2023/reviews/rpp2022-rev-standard-model.pdf

Spectrum of the model

Under the above assumptions:

2
1 vyv;

2 Ar2 L Ar2 A2 a2
Mij, = My, = Mjps = Mipae = M3 = k= -

We can take vy, vy, Ma as free parameters.

For a given choice of the vevs LHC searches for triplet states than set a
lower bound on k (the coupling relevant for majoron DM FI production):

~ Ma 1%7 w3 2.107 GeV
>97.10""
S [400 GeV] [1 GeV} [ U1 ]

L | | I | | I | I

d

S
T
H_
iy
g
|

H> — (50F

s\secay;
1 N

Am=0

20 ATLAS + CMS
CMS

900

800 =1 ATLAS

LHC limits from
pp — HTTH™~

700 -

600

500

95 % CL lower limit on my++ [GeV]

400 -

Excluded from measurement of p parameter

Excluded from lepton flavour violatin
|

300

H:I::l: N W:l:w:l: —

200

Ashanujjaman Ghosh '21

10 1 10! 102 102 10% 10° 10 107 108 10°
v, [GeV] U3

Type II Majoron DM Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/2108.10952

Spectrum of the model

Under the above assumptions:

2
1 vyv;

2 Ar2 L Ar2 A2 a2
Mij, = My, = Mjps = Mipae = M3 = k= -

We can take vy, vy, Ma as free parameters.

What about the majoron?
Under the same assumptions, it is mostly singlet-like

We take its mass m as yet another free parameter, coming from a small
explicit breaking (e.g. from Planck suppressed ops such as ~ ¢°/Mp)

for a different option, m arising from explicit breaking due to pa
+ scalar mixing see Chao et al. '22 and yesterday’s talk by Wei

95 % CL lower li
Excluded from me
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https://arxiv.org/abs/2108.10952
https://arxiv.org/abs/2210.13233

Type II Majoron couplings

In our limit (v3 < v2 < v1) despite being mostly singlet, the majoron
inherits interactions through mixing in the scalar sector:

. - 1 ~
[’J 2 lgﬁffjf/75f__gJ7’)/JF,ul/Fu

4
. . . . . . P My,
 Couplings to neutrinos (from mixing with the triplet): 9jviv; = — 201
* Couplings to charged fermions (from mixing with the doublet):
P o 2“3 P - % P o 2”:%
< 9Jb0te = — M, vl 9 Juaua = Muq 0102 9idade = ~Mda 102
flavour conserving (such as the Higgs couplings)!
and ~ v3/v: suppressed
e Couplings to photons from fermion loops: e.g. Bauer Neubert Thamm '17
ANN Y o T , .
J N 205 ’UB MJ 2 f o 9 5
J__ f 9Ivy = o0l | M2 — m2 — zf:Qch Bi(ts)| 75 =4m3/M;3
NN Y - ;

L-number free of EM anomalies — J decouples from photons for M; <« m.
i.e. Bi(rf) = 0 for 7y — o0
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https://arxiv.org/abs/1708.00443

Type II Majoron couplings

In our limit (v3 < v2 < v1) despite being mostly singlet, the majoron
inherits interactions through mixing in the scalar sector:

1 ~
Zg(],yfyj FMVFMV

—> In the range Mj; ~ 1keV—-100MeV (relevant for DM detection),
J can decay into photons, neutrinos and (possibly) electrons:

M3
DT =77) = = Lloml

MJ 2 MJ my, 2
F(J — ViVi) — 4 ‘gJI/ZI/Z = 167 ( ) ’

ZQfo Bi()| 77 = d4m2/M2

- - - f 9Jyy = 5 M;

VA VAR - .
L-number free of EM anomalies — J decouples from photons for M; <« m.

i.e. Bi(rf) = 0 for 7y — o0
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https://arxiv.org/abs/1708.00443

Majoron DM production: freeze in

Even if our majoron is never in thermal equilibrium with the thermal bath, it
can be produced through decays of triplet states via the freeze in mechanism

Hall et al. '09
@%Wﬁj, Hs — ZJ, A%@

110 1°7%1 My Ma 2.10°GeV]° [ w3 12
—> Qjh®~0.12
/ [ )] llOkeV] [5OOGeV] [ U1 ] [5(}6\/’}

Caveats and constraints:
e And we need Ma < 1 TeVto keep Jout of equilibrium (good news for colliders)
« Lowering v1, majoron is overproduced unless freeze in occurs during an early

matter dominated era (low reheating T') such that its abundance is diluted by the
radiation injected by the decaying matter field (e.g. the inflaton):

Coetal. '15
Qh? = 0.12 | —2 Y My 7 [500GeV)" (2.7-107Gev‘|2[ V3 }2 R
Jgh™ >~ 0. g«(TR) 10 keV M A i V1 1 LbGeVI] 120GeV

|

« Lower bound on My from structure formation (from M, > 10 keV

Lyman-a observations) akin to that for warm DM: D'Eramo Lenoci ‘20
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https://arxiv.org/abs/0911.1120
https://arxiv.org/abs/1506.07532
https://arxiv.org/abs/2012.01446

Majoron DM production: misalignment

We consider the misalignment mechanism (just as for the
QCD axion) with the lepton number broken before inflation

Q,H=0.12 from misalignment

Standard radiation-dominated (RD) era: 1010 T T T T
150 MD, 6o=1, T = 10 MeV ]
QO h2~ 012 v16o ? M, 1/2 90 1/4 10 T
T 1.9 1013 GeV 1 peV G (Tosc) 1074} .
§ 1073} ]

Early matter domination (MD): < 102 MD, 6p=1, Tr=1TeV

QO h2 ~0.12 v 1°[_Tr
ST 19104 GeV | | 10MeV

109}

Al ol ol ol sl MR
e.g. Blinov et al. '19 10°% 10° 10* 10°% 102 107
m, [GeV]

For v1 < 10" GeV DM is underproduced
(unless other mechanisms are are work)
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https://arxiv.org/abs/1905.06952

Bounds on decaying DM: CMB constraints

Energy injection from particles decaying after recombination modifies

thermal history and ionisation of the universe affecting the CMB:

T T T T T 1025: —
0.14 |- - -
0.12 |- .
|—|1'—
10%° 1
“  0.095 | i
5}
— 0.071} i ®
= ©
<
Q
L'-id 0.047 |} | 1024 -
0.024 _| DM — vv
0 L | | | | g
01 025 04 055 07 0.85 1 10 &5
JF 10°
dcdm

Poulin et al. '16

fe e Tl ol B e | (el (i e TR | ot 11 | IR
10 10°® 102 10" 10° 10!

DM mass (GeV)
Slayter Wu '16

T = 1/T(J — vv) > 63 Gyr &~ 2 X 10%% s Tom fee = 1/T(J — 77/e+e_) S 1024 — 1025 5

Type II Majoron DM

Lorenzo Calibbi (Nankai)



https://arxiv.org/abs/1610.06933
https://arxiv.org/abs/1606.02073

Bounds on decaying DM: indirect searches

Diffuse X/y-rays: Essig et al. '13 Diffuse X-rays from e-y scattermg
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https://arxiv.org/abs/1309.4091
https://arxiv.org/abs/2209.03371
https://arxiv.org/abs/2303.08854

Bounds on decaying DM: indirect searches

Difft ™" - e = ) ng:
{ Let’s compare this with the model’s predictions:
10% my, 20/ v3 _ M? - .
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https://arxiv.org/abs/1309.4091
https://arxiv.org/abs/2209.03371
https://arxiv.org/abs/2303.08854

Bounds on type-II majoron DM

L-breaking
scale
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—> Lyman-a + DM abundance = v; > 107 GeV
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Bounds on type-II majoron DM
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For v3 0.1 GeV, majoron production via freeze in no longer effective
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Bounds on type-II majoron DM

Bounds on J — vy from Borexino (Bo), Garcia-Cely Heeck '17
KamLAND (KL), Super-Kamiokande (SK) \

TTTW

1 165_*1 L) I
0™ v3=0.001 GeV

T T ror T ' ‘”””I_E 10165W LT T rororrrrm
f lv3=107* GeV

105 Lo
10°- y 103, |
=102 skp 5102 ]
R 1atiL * R il *
O, 10 G, 10" g
< 1010 < 1010 |
10°. ; 10°. d

108,
107¢

- / - Ty <

108, 0 /\ i oL S

10 10° 10* 102 1072 10 10 10* 102 10°
my [GeV] my [GeV]

108,
107

Ty<l

o

For v3 510° GeV, majoron phenomenology is dominated by its
couplings with neutrinos (other interactions suppressed as ~ v3/v3)
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https://arxiv.org/abs/1701.07209

Prospects: neutrino lines

Sensitivity to neutrino lines of experiments such as JUNO and Hyper-
Kamiokande (Argtelles et al. '22) depends on neutrino parameters:

[J _‘2 Garcia-Cely Heeck '17
I1Z)
I'(J — vv)

2

flavour composition > My,
2

of the flux Zz m2,
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Sensitive to majorons with My >10 MeV

—
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https://arxiv.org/abs/2210.01303
https://arxiv.org/abs/1701.07209

Prospects: indirect detection

For v3 z10°° GeV, J — yy / J — ee can give observables signals at future
X-ray and soft y-ray probes (such as GECCO) for My as low as ~10 keV
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https://arxiv.org/abs/2101.10370

Prospects: direct detection

Searches for DM-electron recoils at direct detection experiments
can test the majoron-electron coupling (for vz = O(1) GeV):

|gJee|fz 5 ~ 1.7-10
V15 V1 1 GeV
~11 V[~ g
1071 10 =5 :
S ———
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Corner of the parameter space direct detection exps are sensitive to:
v1 ~ 107 —10% GeV, 1keV < M; < 10keV, v3 > 1 GeV
where J can be produced via freeze-in (with a low Trn)
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https://arxiv.org/abs/2207.11330

Summary

Type Il seesaw is perhaps the most economical model
to address the origin of neutrino masses

If the lepton number is spontaneously broken by
the vev of an additional scalar the resulting pNGB
(the type II majoron) is a good DM candidate

Majoron production in the early universe can account
for 100% of the observed DM either by the freeze in
or the misalignment mechanism

Depending on the majoron mass, the production mechanism
and the vev of the triplet, all three decay modes (ete™, vy, vv)
can yield signals at future indirect DM searches

In a corner of the parameter space, detection of
majoron DM is possible through electron recoil at
running and future direct detection experiments
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Thank you!




Additional slides




Majoron DM production: freeze in
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