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a few trends



Outline

-mass origin:

-physics and dark matter :

leptogenesis, the case of ~ GeV seesaw states

-     experiments for boosted DM:

-(KeV sterile neutrino DM)

⌫

- seesaw models, tests and GUT embeddings
- radiative models

⌫

- dark matter experiments for     Non-Standard Interactions⌫

multi-component DM, DM semi-annihilation, cosmic ray boosted DM, …

-    -mass radiatively induced by DM⌫

- DM medium induced   -oscillations⌫

-    lines induced by DM

⌫

⌫



Neutrino sources: fluxes and energies

- atmosphere
                     No man made neutrinos: - sun

     - geo-neutrinos
                - supernovae

Man-made neutrinos: - reactor

     - astrophysical (AGN, cosmogenic, ...)
     - big-bang relic

     <~ detected
     <~ detected
     <~ detected (SN1987)
     <~ detected
     <~ detected
     <~ undetected!

                - accelerator
     <~ detected
     <~ detected

330 relic ⌫ / cm3

         solar neutrinos: most
            intense detected flux:

1011 ⌫ /cm2/s

1207.4952



Neutrino oscillations       neutrino masses and mixings
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Origin of neutrino masses?????

most fundamental question associated to    -physics!! ⌫



Two possible types of neutrino masses: Dirac and Majorana
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                a mass is an hermitian and Lorentz invariant bilinear interaction which

for a fermion there are 2 possible types of masses:
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            an interaction of a left-handed fermion      with a
      right-handed fermion       which is not its anti-particle

                an interaction of a left-handed fermion      with a
right-handed fermion      which is its anti-particle

 L
 L

 R  R  R =  c
L

      Not in Standard Model because no       in Standard Model⌫R       Not in Standard Model because of SM gauge symmetries

      -masses require both                       breaking and BSM physics⌫

             A Dirac mass requires a       but if a      exists,  a Majorana mass for this      is not forbidden
by SM gauge interactions, in case one expects the      mass to be of Majorana type: seesaw
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! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

Fermionic Triplet 

Seesaw ( or type III)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Fermion singlets:
(type-I seesaw)

Scalar triplet:
(type-II seesaw)

Fermion triplets:
(type-III seesaw)
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Tree level origin: the 3 seesaw models



Seesaw models: neutrino mass data impact

 very important data but do not allow to discriminate seesaw models alone:
any neutrino mass matrix can be accounted for by 3 seesaw models!

 neutrino mass matrix data: 
 - neutrino oscillations: mass differences and mixings

Normal Ordering (best fit) Inverted Ordering (��2 = 4.7)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓
12

0.310+0.013
�0.012 0.275 ! 0.350 0.310+0.013

�0.012 0.275 ! 0.350

✓
12

/� 33.82+0.78
�0.76 31.61 ! 36.27 33.82+0.78

�0.76 31.61 ! 36.27

sin2 ✓
23

0.580+0.017
�0.021 0.418 ! 0.627 0.584+0.016

�0.020 0.423 ! 0.629

✓
23

/� 49.6+1.0
�1.2 40.3 ! 52.4 49.8+1.0

�1.1 40.6 ! 52.5

sin2 ✓
13

0.02241+0.00065
�0.00065 0.02045 ! 0.02439 0.02264+0.00066

�0.00066 0.02068 ! 0.02463

w
it
h
ou

t
S
K
-a
tm ✓

13

/� 8.61+0.13
�0.13 8.22 ! 8.99 8.65+0.13

�0.13 8.27 ! 9.03

�
CP

/� 215+40

�29

125 ! 392 284+27

�29

196 ! 360

�m2

21

10�5 eV2

7.39+0.21
�0.20 6.79 ! 8.01 7.39+0.21

�0.20 6.79 ! 8.01

�m2

3`

10�3 eV2

+2.525+0.033
�0.032 +2.427 ! +2.625 �2.512+0.034

�0.032 �2.611 ! �2.412

Normal Ordering (best fit) Inverted Ordering (��2 = 9.3)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓
12

0.310+0.013
�0.012 0.275 ! 0.350 0.310+0.013

�0.012 0.275 ! 0.350

✓
12

/� 33.82+0.78
�0.76 31.61 ! 36.27 33.82+0.78

�0.75 31.62 ! 36.27

sin2 ✓
23

0.582+0.015
�0.019 0.428 ! 0.624 0.582+0.015

�0.018 0.433 ! 0.623

✓
23

/� 49.7+0.9
�1.1 40.9 ! 52.2 49.7+0.9

�1.0 41.2 ! 52.1

w
it
h
S
K
-a
tm

sin2 ✓
13

0.02240+0.00065
�0.00066 0.02044 ! 0.02437 0.02263+0.00065

�0.00066 0.02067 ! 0.02461

✓
13

/� 8.61+0.12
�0.13 8.22 ! 8.98 8.65+0.12

�0.13 8.27 ! 9.03

�
CP

/� 217+40

�28

135 ! 366 280+25

�28

196 ! 351

�m2

21

10�5 eV2

7.39+0.21
�0.20 6.79 ! 8.01 7.39+0.21

�0.20 6.79 ! 8.01

�m2

3`

10�3 eV2

+2.525+0.033
�0.031 +2.431 ! +2.622 �2.512+0.034

�0.031 �2.606 ! �2.413

Table 1. Three-flavour oscillation parameters from our fit to global data. The numbers in the 1st
(2nd) column are obtained assuming NO (IO), i.e., relative to the respective local minimum. Note
that �m2

3` ⌘ �m2
31 > 0 for NO and �m2

3` ⌘ �m2
32 < 0 for IO. The results shown in the upper

(lower) table are without (with) adding the tabulated SK-atm ��2.
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 - neutrino absolute mass scale experiments: 
Esteban, Gonzalez-Garcia, Hernandez-Gabezudo, Maltoni, Schwetz, 18’

 including recent          

hint for normal mass
⇠ 1.2�

⇠ 2�

- neutrinoless double beta decay: crucial observable!!
would establish that neutrino masses are of Majorana type:
strong indication in favor of seesaw models!

 hint for CP violation (T2K, Nova,…) 

hierarchy (T2K, Nova, SK, …)

m⌫ < 1.1 eV (90% CL) KATRIN expt. 19’

m�� < 0.16 eV (90% CL)
GERDA expt. 19’

16 Chapter 2. Neutrino masses
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Figure 2.4: Possible neutrino spectra: (a) normal (b) inverted.

2.3.4 Loop mediation of neutrino masses

Mediation by loop e↵ects can be realized by many ways. Fig. 2.3 shows the possible one-loop
diagrams [34], in each case there are several choices of quantum numbers for the particles in the
loop. For example, one can consider the standard see-saw scenario with a LNH coupling and
replace the Higgs doublet H with another scalar doublet H 0 with vanishing vev, coupled to the
standard Higgs doublet as (H⇤H 0)2+h.c.: neutrino masses arise from the third diagram in fig. 2.3.
One of the extra particles in the loop (H 0 or N in the example above) could be detectably light:
neutrino masses remain small if other extra particles are heavy.

See [34] for alternative speculative possibilities.

We now study in detail the special cases of pure Majorana and Dirac neutrino masses. We
describe how many and which parameters can be measured in the two cases by low energy
experiments.

2.4 Pure Majorana neutrinos

We extend the SM by adding to its Lagrangian the non-renormalizable operator (LH)2 and no
new fields. Below the SU(2)L-breaking scale, (LH)2 just gives rise to Majorana neutrino masses.
In this situation, charged lepton masses are described as usual by a complex 3 ⇥ 3 matrix mE,
and neutrino masses by a complex symmetric 3⇥ 3 matrix m⌫ :

�Lmass = `TR ·mE · `L +
1

2
⌫T
L ·m⌫ · ⌫L.

How many independent parameters do they contain? Performing the usual unitary flavour ro-
tations of right-handed E = `R and left-handed L = (⌫L, `) leptons, that do not a↵ect the
rest of the Lagrangian,5 we reach the standard mass eigenstate basis of charged leptons, where
mE = diag (me,mµ,m⌧ ). It is still possible to redefine the phases of eL and eR such that me

and mee
⌫ are real and positive; and similarly for µ and ⌧ . Therefore charged lepton masses are

specified by 9 real parameters and 3 complex phases: the 3 real parameters me, mµ, m⌧ ; the 3
real diagonal elements of m⌫ ; the 3 complex o↵-diagonal elements of m⌫ .

5Gauge interactions are the same in any flavour basis, because kinetic energy and gauge interaction originate
from the same Lagrangian term, L̄D/L. This well known but non-trivial fact rests on solid experimental and
theoretical grounds.

See talks by K. Scholberg 
& R. Petti, S. Raut, D. Pramanik



Seesaw models: difficult to test in generic models

for example with                                 requiresYN � 1, m� � 0.1 eV

requires

MN � 1015 GeV

with YN � 10�6, m� � 0.1 eV MN � TeV

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

m� = Y T
N

1
MN

YNv2YN

very nice explanation of smallness of    -masses:⌫
GUT scale suppression!! but seesaw states unreachable!!

seesaw state low enough but Yukawa are too small to
produce them in colliders!!



Seesaw models: type-III at colliders      everything in combi-
     nation with neutrino 

mass matrix data!

if type-III fermion triplets are around TeV: �+ , �0 , ...
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and ttf (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a definition of the co-
ordinate system used and the relevant kinematic variables, can be found in Ref. [25]. The CMS
detector uses a two-tiered trigger system [26]. The first level, composed of custom hardware
processors, uses information from the calorimeters and muon detectors to select the most rele-
vant pp collision events at rates up to 100 kHz. These are further processed by a second level
consisting of a farm of processors, known as the high level trigger, that combines information
from all CMS subdetectors to yield a final event rate of less than 1 kHz for data storage.

3 Data samples and event simulation

The data samples analyzed in this search correspond to a total integrated luminosity of 137 fb�1

(35.9, 41.5, and 59.7 fb�1 in years 2016, 2017 and 2018, respectively), recorded in pp collisions
at

p
s = 13 TeV. A combination of isolated single-electron and single-muon triggers was used

with corresponding transverse momentum (pT) thresholds of 24 and 27 GeV in 2016, 27 and
32 GeV in 2017, and 24 and 32 GeV in 2018. Event samples from Monte Carlo (MC) simula-
tions are used to estimate the rates of signal and relevant SM background processes. The WZ,
Zg, ttZ, ttW, and triboson backgrounds are generated using MADGRAPH5 aMC@NLO (2.2.2 in
2016, 2.4.2 in 2017 and 2018 data analyses) [27] at next-to-leading order (NLO) precision. The
top quark mass used in all simulations is 172.5 GeV. The ZZ background contribution from
quark-antiquark annihilation is generated using POWHEG 2.0 [28–30] at NLO, whereas the con-
tribution from gluon-gluon fusion is generated at leading order (LO) using MCFM 7.0.1 [31].
Backgrounds from Higgs boson production for a Higgs boson mass of 125 GeV are generated
at NLO using POWHEG and JHUGEN 7.0.11 [32–35]. Simulated event samples for Drell–Yan
(DY) and tt processes, generated at NLO with MADGRAPH5 aMC@NLO and POWHEG, respec-
tively, are used for systematic uncertainty studies.

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The

recent CMS search in multi-lepton channel:

19

to discriminate between the potential signal and the SM background processes for both signal
models separately. All of the LT+pmiss

T and MT bins are used for the seesaw signal masses un-
der consideration, whereas the appropriate subset of the lepton flavor and dilepton mass bins
is used for a given f mass and branching fraction scenario in the ttf signal model, such that
the low (high) dielectron and dimuon mass spectra are considered for a light (heavy) ttf signal
with the f ! ee and f ! µµ decays, respectively.

The uncertainties in the mean values of both the expected signal and background yields are
treated as nuisance parameters modeled by log-normal and gamma distributions for systematic
and statistical uncertainties, respectively. Statistical uncertainties in the signal and background
yields in each bin and year are assumed to be fully uncorrelated, whereas all systematic uncer-
tainties are assumed to be fully correlated among the signal bins in a given year. The correlation
model of all nuisance parameters across the datasets collected in different years is summarized
in Table 3.

 mass (GeV)Σ
200 400 600 800 1000 1200 1400

) (
pb

)
Σ
Σ(

σ

4−10

3−10

2−10

1−10

1

10

210

) with unc.ΣΣ(σ
95% CL upper limits

Observed
Median expected
68% expected
95% expected
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Figure 11: The 95% confidence level expected and observed upper limits on the total produc-
tion cross section of heavy fermion pairs. The inner (green) and the outer (yellow) bands in-
dicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis. Also shown are the theoretical prediction for the cross
section and the associated uncertainty of the S pair production via the type-III seesaw mecha-
nism. Type-III seesaw heavy fermions are excluded for masses below 880 GeV (expected limit
930 GeV) in the flavor-democratic scenario.

The observed and expected upper limits on the production cross section s(SS) in the type-III
seesaw signal model are given in Fig. 11. Type-III seesaw heavy fermions are excluded at 95%
CL with masses below 880 GeV assuming the flavor-democratic scenario. Similarly, the upper
limits on s(ttf)B(f ! ee/µµ) and g2

t B(f ! ee/µµ) in the ttf signal model are shown in
Figs. 12 and 13, respectively. In the ttf signal model, we exclude cross sections above 20 fb for
f masses in the range of 15–75 GeV, and above 5 fb for f masses in the range of 108–340 GeV.
Furthermore, g2

t B(f ! ee/µµ) above (0.4–4)⇥10-3 for the scalar and above (0.4–3)⇥10-2 for
the pseudoscalar scenarios are excluded for f masses in the 15–75 GeV range, whereas the two

m⌃ > 880GeV (95%CL)
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Figure 3: Contour-plot of triplet life-times for mh = 115 GeV.

1. For larger m̃1, one has smaller ⇥N0 ⇤ ⇥N± : e.g. ⇥N0 ⇤ ⇥N± ⇤ 0.3 mm · (M/100 GeV)2 for

m̃1 ⇤ (�m2
atm)1/2 ⇧ 0.05 eV.

2. For smaller m̃1 one has ⇥N0 ⌅ ⇥N± ⇥ 5 cm; N± decays predominantly to N0�± leading

to multiple displaced vertices. Unfortunately the �± produced in the N± decay are too

soft to be detected and the typical track produced by N± seems too short to be well

measured.

Fig.s 4a and b show the distribution in the secondary vertex displacement � for triplets pro-

duced at LHC, after taking into account the time-dilatation e⇥ect. We see that the average

displacement perpendicular to the beam axis is ⌃�⇤⌥ ⇤ 0.9⇥ , with a minor dependence on M .

In the direction parallel to the beam axis one has ⌃�⌃⌥ ⇤ 2.4⇥ at M ⇤ 250 GeV and ⌃�⌃⌥ ⇤ ⇥

at M = 1 TeV. Both distributions are very roughly exponentials, dN/d� ⇤ e��/⌅�⇧.

Capabilities of LHC detectors (ATLAS, CMS) strongly depend on the unknown flavor com-

position of the lepton coupled to N and on the displacement �, because decays would happen

in di⇥erent parts of the apparatus. For smaller �, LHC detectors should allow to reconstruct

the position of the secondary vertex with an uncertainty of about 0.5 mm and 0.1 mm, in the

directions parallel and orthogonal to the beam axis respectively [21]. For larger �, the N0 dis-

placement can be �⇤ >⇥ 50 cm: in such a case LHC detectors could see the muons but not elec-

12

 given the tiny neutrino masses one e.g. expect couplings 
 sufficiently small to lead to observable displaced vertices

Bajc, Senjanovic 06’; Bajc, Nemvesek, 
           Senjanovic 07’; Franceschini, TH, Strumia 08’;  

                                                        Arhrib et al. 09’; del Aguila et al 09, …., Biggio et al 19, Jana, Okada, Raut 19

CMS coll. 19’

Franceschini, TH, Strumia 08

See S. Jana’s talk
Franceschini, TH, Strumia 08



Seesaw models: type-II at colliders      everything in combi-
     nation with neutrino 

mass matrix data!

�++ , �0 , �+ , ...

��� , �0⇥ , ��� , ...

Z0 , � , W±
q

q̄
>

>

+ here too there are possibilities of displaced vertices but less generic 

               Chun et al. 03’; Akeroyd, Aoki 05’;  Hektor et al. 07’; 
            Chun, Lee, Park 07’; Garayoa, Schwetz 08’;Fileviez

  Perez et al.08’, 09’; del Aguila et al 09’; …..;
Chun et al 19, 

if type-II scalar triplet is around TeV:
can be Drell-Yan pair produced at LHC

allowed

LLP

LHC 7 TeV

LEP

LHC 8 TeV LHC 13 TeV

muon anomalous magnetic moment

μ → e γ

ρ parameter

Figure 8: Parameter space of the type-II seesaw model. The black area in top is excluded because of the ⇢
parameter. The cyan vertical area is the estimate for the excluded region by searches at LEP. The orange
region on the bottom is excluded by the experimental measurement for the muon anomalous magnetic
moment. The magenta area is excluded by µ ! e� (for our example choice of PMNS parameters and
neutrino mass spectrum) and the green area is excluded by constraints on µ ! ēee. The red, yellow
and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13
TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is
allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by
LLP) features displaced decays from long-lived H±±. The lower dashed line is obtained from the limit
on the prompt decays as described in the main text. The upper dotted line (where no experimental
constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the
three-body decay to W±ff̄ 0.
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Figure 2: Dominant Feynman diagrams for the production of doubly charged scalers H±± (i.e. the
doubly charged components of the triplet Higgs field � in the minimal type II seesaw mechanism) via
neutral and charged current interactions.

and singly charged scalars to be less than 100% of the SM predicted value. There is a
broad region of parameters �HT and �0

HT where this is satisfied (cf. e.g. [54]).

4.2 LHC searches for prompt H±± decays

Searches for same-sign lepton pairs: At the LHC, searches for decays to same-
sign leptons have been performed at center-of-mass energies

p
s = 7 TeV, 8 TeV and

13 TeV [18–23]. For mH±± > 300 GeV, the strongest constraints stem from the data sets
with 36.1/fb at

p
s = 13 TeV for same-sign ee, µµ, eµ pairs from decaying H++H��

pairs. In the following we use the bounds from the ATLAS analyses. Their negative
search results put stringent bounds on the production cross section of the doubly charged
Higgs bosons. When H±± ! l±↵ l

±

� is the dominant decay mode, i.e. as long as Y� is not

too small (or vT is below ⇠ 10�4 GeV), the cross section depends only on mH±± , and
values of mH±± below about 620 GeV can be excluded.

It is important to stress that the analyses mentioned above require the H±± to
decay promptly to three di↵erent modes, same-sign ee, µµ and eµ. The most stringent
constraint for mH±± < 300 GeV comes from the di-muon final state searches with 8 TeV
(e.g. from the ATLAS analysis in ref. [20]), where the “promptness” condition is defined
via the longitudinal impact parameter z0 and the (transverse) impact parameter d0 of
the reconstructed track as

|z0 ⇥ sin ✓| < 1 mm and

|d0| < 0.2 mm . (21)

When we apply the constraints on the cross section from prompt same-sign lepton pair
searches where the H±± might be comparatively long-lived, we take only the fraction
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+ interesting possibilities of tests from rare lepton flavor changing processes



- low scale type-I seesaw models with large Yukawa’s cancelling to give small    -masses⌫

``inverse seesaw models’’:

     everything in combi-
     nation with neutrino 

mass matrix data!

µ ! e�, ⌧ ! l�, µ ! eee, µ ! e conversion in nuclei

µ ! e� ⌧ ! e� ⌧ ! µ�
µ ! eee ⌧ ! lll
µ ! e conversion in nuclei

N 0s

- rare lepton flavor changing processes 

      huge experimental
         progresses expected 

in near future!!

Br(µ ⇥ eee) < 10�16 (Mu3e� future)

RAl
µ⇥e < 5 · 10�17 (Mu2e� future)

RTi
µ⇥e < 10�18 (Comet/Prism, ...� future)

Seesaw models: type-I experimental tests: rare LFV processes

See M. Mitra’s talk

- production of        at LHC



Seesaw models: type-I experimental tests: colliders

7

replica PDF sets generated using weights, giving a PDF probability distribution centered on
the nominal PDF set [95].

The limited statistical precision of the available MC samples leads to an additional uncertainty
of 1–30%, depending on the process and search region.

The expected and observed yields together with the relative contributions of the different back-
ground sources in each search region, are shown in Fig. 1. Tabulated results and enlarged ver-
sions of Fig. 1, with potential signals superimposed, are provided in Appendix A. We see no
evidence for a significant excess in data beyond the expected SM background. We compute
95% confidence level (CL) upper limits on |VeN|2 and |VµN|2 separately, while assuming other
matrix elements to be 0, using the CLs criterion [96, 97] under the asymptotic approximation for
the test statistic [98, 99]. A simultaneous fit of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the fit.

The interpretation of the results is presented in Fig. 2. The N lifetime is inversely proportional
to m5

N|V`N|2 [53, 59]. At low masses this becomes significant, resulting in displaced decays and
lower efficiency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This is accounted for by calculating the
efficiency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.
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Figure 2: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN|2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation of
prompt N decays. Also shown are the best upper limits at 95% CL from other collider searches
in L3 [41], DELPHI [38], ATLAS [28], and CMS [27].

In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W`, where the
vector boson decays to `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-
ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [28] and CMS [27, 29]
Collaborations, and are the first direct limits for mN > 500 GeV. This search also provides the
first probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
by the L3 [34] and DELPHI [38] Collaborations. For N masses below 3 GeV, the most stringent
limits to date are obtained from the beam-dump experiments: CHARM [31, 36], BEBC [30],
FMMF [37], and NuTeV [39].

W (⇤) ! Nl ! W (⇤)ll ! lll⌫

(a) (b)

(c) (d)

(e)

Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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2 HNL modelling

This section details N production via mixing with an electron or muon neutrino originating from an on-shell
W boson decay, as well as its leptonic decays via the same mixing, as illustrated in Figure 1. The generation
and simulation of Monte Carlo (MC) signal and background events is presented at the end of the section.

2.1 HNL production

The branching ratio of W boson decays into a N and a charged lepton, B(W ! `N), is proportional to
the mixing matrix squared, or coupling strength, denoted by |U |2 = Õ

` |U` |2, where the terms U` are the
matrix elements for N mixing to the di�erent neutrino flavours. The signatures considered in this search
are sensitive to mixing to either ⌫µ or ⌫

e

and can thus only constrain |Uµ |2 or |U
e

|2 (or potentially |U |2 in
the case where either of them is dominant).

The cross section times branching ratio for W boson production and decay into N and a charged lepton `
can then be expressed as [24]:

�(pp ! W) · B(W ! `N) = �(pp ! W) · B(W ! `⌫) · |U |2
 
1 �

m2
N

m2
W

!2  
1 +

m2
N

2m2
W

!
. (1)

The product of the cross section for W boson production in 13 TeV pp collisions �(pp ! W) and the
branching ratio for W boson decay into a single charged lepton B(W ! `⌫) (for ` = µ, e) is taken from the
ATLAS measurement in Ref. [25] to be 20.6 ± 0.6 nb.

2.2 HNL decay

For this search, partial widths are calculated for all HNL decay channels including leptons and quarks. The
calculations consider charged- and neutral-current-mediated interactions as well as QCD loop corrections,
which are all described in Ref. [26]. The HNL lifetime ⌧

N

has a strong dependence on the coupling
strength |U |2 and also the mass m

N

due to phase-space e�ects. For a given |U |2 and m
N

, the total
width � =

Õ
i

�
i

�
m

N

, |U |2
�

is computed, and the mean lifetime is obtained as ⌧
N

= ~/�. In the relevant
range 4.5  m

N

 50 GeV, the result agrees within 2% with the following parameterisations given in
Ref. [27]: ⌧

Nµ = (4.49 · 10�12 s)|U |�2(m
N

/1 GeV)�5.19 and ⌧
Ne = (4.15 · 10�12 s)|U |�2(m

N

/1 GeV)�5.17

for dominant mixing to ⌫µ and ⌫
e

, respectively. These relationships, however, assume no LNV decays.
If LNV is allowed, twice as many decay channels are allowed, and ⌧

N

is reduced by a factor of 2. More
elaborate models do not necessarily allow for LNV [23] and thus may or may not contain this factor of
2. To account for this model dependence, both interpretations are considered in the case of the displaced
signature, which is not limited to LNV processes.

Leptonic HNL decay branching ratios are determined from the partial decay widths relative to the total width.
In the mass range 4.5–50 GeV they have almost no mass dependence and yield B(N ! ``⌫`) = 0.060 and
B(N ! ``0⌫`0) = 0.106 for dominant mixing to a given lepton species ` = µ or e (` , `0, including both
charges). The di�erence between decays into leptons of the same flavour and di�erent flavour is due to
interference between decays through W and Z boson mediators, which is only present in the same-flavour
case. This calculation and calculations found in the literature [5, 27, 28] can yield up to 5% relative

5

Figure 6: Observed 95% confidence-level exclusion in |Uµ |2 (top) and |U
e

|2 (bottom) versus the HNL mass for the
prompt signature (the region above the black line is excluded) and the displaced signature (the region enclosed by the
red line is excluded). The solid lines show limits assuming lepton-number violation (LNV) for 50% of the decays
and the long-dashed line shows the limit in the case of lepton-number conservation (LNC). The dotted lines show
expected limits and the bands indicate the ranges of expected limits obtained within 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)
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|2 (bottom) versus the HNL mass for the
prompt signature (the region above the black line is excluded) and the displaced signature (the region enclosed by the
red line is excluded). The solid lines show limits assuming lepton-number violation (LNV) for 50% of the decays
and the long-dashed line shows the limit in the case of lepton-number conservation (LNC). The dotted lines show
expected limits and the bands indicate the ranges of expected limits obtained within 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)
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Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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see talk of Arindam Das



Seesaw models: embedding them in broader frameworks

 - Supersymmetric seesaw models: effects on rare lepton flavor changing processes, …

- Left-Right models: production of low scale        from     

more possibilities of tests if embedded in more general frameworks

-               model: production of low scale        from 
q

q̄

>
> Z � NR

NR

U(1)B�L Z 0
B�LN 0s

- GUT models:  neutrino masses: best probe of GUT scale physics!! (with proton decay)

N 0s WR, ...

- ……:

1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and Z

R

), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (m

WR > m
NR), the on-shell WR mass can be reconstructed from the invariant mass

of the `` j j system, whereas, when m
NR > m

WR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to Ne

R and Nµ
R ,

are considered as part of the `` j j final state, since no mixing between flavours is assumed. Left-
and right-handed weak gauge couplings are also defined to be equivalent (gL = gR).

q̄

q

WR

NR

`

W⇤
R

`

q̄

q

(a)

q̄

q

W⇤
R

NR

`

WR

`

q̄

q

(b)

Figure 1: The KS process, for (a) the m
WR > m

NR case and (b) the m
NR > m

WR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in
this paper as “Dirac” particles for simplicity). For simple versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].
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Figure 7: Observed (continuous line) and expected (dashed line) 95% CL exclusion contours in the m
WR–

m
NR plane, along with the one- and two-standard-deviation uncertainty bands around the expected exclusion

contour in the (a) ee and (b) µµ channels for Majorana NR neutrinos, (c) ee and (d) µµ channels for Dirac
NR neutrinos. The dashed gray line indicates the region of the plane where m

WR = m
NR . The left- and

right-handed weak gauge couplings are assumed to be the same, as indicated by gL = gR.
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effects of Susy breaking see Sourov Roy talk

see talk of Arindam Das



but this remains an extremely well motivated and attractive theory

neutrino and proton decay data, together with gauge unification and
leptogenesis have excluded a number of minimal GUT models

as soon as one allows for : - threshold effects

- and/or one or two more scalar representations
- and/or masses not all at the same intermediate scale

the models satisfy all constraints, fermion masses and mixings included

               See also T. Bandopadhya talk

Seesaw models: embedding them in GUT

               see J. Chakrabortty, Maji, King 19’



Examples of minimal GUT model satisfying all constraints

with a         and a          scalar representations one can account
for all fermion masses and mixings in the SM in Susy              :

10H 126H

SO(10)

W = 16T (Y10 10H + Y126126H ) 16

with an extra            and          one gets all needed symmetry breaking

this so called ``minimal Susy             model’’ leads nevertheless to 
       breaking  scale of order                     which is too low to give gauge unification        

SO(10) U(1)B�L

210H 126H

⇠ 1012�13 GeV

Moreover one gets too fast proton decay p ! ⌫̄K+

These problems can be cured for example adding an extra        with still a

120H

54H
 single intermediate breaking scale (of                                            )     SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)B�L

or adding a 

Babu, Bajc, Saad 18’

Diduta, Mimura, Mohapatra 05’, Mohapatra, Severson 18’,  Aulakh, Garg 08’



Radiative neutrino mass models

many possible models at radiative level!!

8
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Figure 2: Tree-level diagram leading to neutrino masses for models whose mediator is a scalar
triplet with Y = 2.
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Figure 3: Neutrino-mass diagrams at one loop induced by annihilations of doublet DM. The dia-
grams of the first row are finite. Those of the second row diverge and renormalize the tree-level
process of Fig. 2

.

non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]

……

it seems that all possibilities have still not been identified

involve new particles at lower scale than seesaw scale, possibly at TeV

interesting phenomenology

recent interesting models: radiative Dirac seesaw models new class of models
    beside radiative

              Majorana mass models
         and radiative Dirac 

mass models

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

m� = Y T
N

1
MN

YNv2YN

with      induced at one loopYN

Arbelaez, Carcamo, Cepedello, Hirsch, Kovalenko 19’

see also recent systematic determination of neutrino mass models 
Lindner et al 18’, 19’

Fields SU(3)C ◊ SU(2)L ◊ U(1)Y Z
4

Residual Z
2

L (1, 2, -1/2) 1 1
ec (1, 1, 1) 1 1
‹R (1, 1, 0) ≠1 1
H (1, 2, 1/2) 1 1

(‰L, ‰R) (1, 1, 1) (i, i) (≠1, ≠1)
÷ (1, 2, 1/2) i ≠1

S≠ (1, 1, -1) i ≠1

Table 2: Particle content of the example model that generates the one-loop diagram of figure 2 once the Z
4

is softly broken by the trilinear term H÷S≠. After the breaking of Z
4

a remnant Z
2

is exactly conserved.

L–
‰L

◊
‰̄R ‹R—

÷ S≠

H

¢

Figure 2: One-loop Dirac neutrino mass. The diagram is realized when the Z
4

is softly broken (denoted
by the symbol ¢). As the symmetry is broken in two units, the diagram is still invariant under a remnant
Z

2

of Z
4

.

neutrino mass scale involved for a simplified benchmark, as well as an insight to the phenomenological
constraints coming from charged lepton flavour violating processes.

3.1 One-loop Dirac mass
The particle spectrum of the model and their assignments under the SM gauge and the Z

4

discrete symmetry
are shown in table 2. Notice that we have assumed a Z

4

symmetry, which is softly broken down to the
preserved Z

2

symmetry, in order to guarantee that the Dirac neutrino mass matrix is generated at one-loop
level. The scalar sector of the model is composed of the SM Higgs doublet H, the inert SU(2)L scalar
doublet ÷ and the electrically charged gauge singlet scalar S≠. In addition, the SM fermion sector is
extended by the inclusion of a right-handed Majorana neutrino ‹R

2 and the vector like charged leptons
‰L and ‰R. The relevant terms for the neutrino mass take the form,

≠LY = Ye LH†ec + YL L÷†‰L + YR ‰RS+‹R + h.c., (8)
LM = MR ‹c

R‹R + M‰ ‰R‰L + h.c., (9)

flavour indices and SU(2) contractions have been suppressed for brevity.
The terms above generate the Dirac neutrino mass matrix at one-loop level through the diagram shown

in figure 2 provided the following Z
4

trilinear soft breaking term is added to the scalar potential,

V ∏ µS H÷S≠ + h.c. (10)

The softly broken Z
4

guarantees that the Dirac mass term is forbidden at tree-level but generated by loops,
i.e. that the diagram is genuine (non-reducible) [19].

2We repeat, that we are interested here only in a rough estimate for the neutrino mass scale. For phenomenological reasons,
one would need indeed at least two right-handed neutrinos that generate the solar and atmospheric neutrino mass. Since fits
of the seesaw type-I to neutrino data are straightforward and have been done many times in the literature, we do not repeat
these details here.

5

           2 loop model !

Jana, Vishnu, Saad19’



 

                                                                        Based on: C. El Aisati, C. Garcia-Cely, TH, L. Vanderheyden, arXiv:1706.06600
                                                                      C. El Aisati, M. Gustafsson, TH, arXiv:1506.02657

                                                                                   C. El Aisati, M. Gustafsson, TH, T. Scarna, arXiv:1510.05008
                                                             C. El Aisati,  TH, T. Scarna, arXiv:1403.1280
                                                           M. Gustafsson, TH, T. Scarna, arXiv:1303.4423

Leptogenesis



 Two fundamental questions beyond the Standard Model

 origin of neutrino masses  origin of the baryon asymmetry of the Universe

 Leptogenesis: 
    both origins are the same

  very natural at high scale: a series of numerical coincidences which makes

Leptogenesis motivation

it particularly effective if seesaw states are at a high scale: 

  the Yukawa couplings inducing the neutrino masses also induce decays of seesaw 
         states to leptons and antileptons,  which: 

this creates a L asymmetry reprocessed in part to a B asymmetry by SM sphalerons

mN , m�, m⌃ & 109�10 GeV

  but difficult to test then!
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self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T ≃ MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the

Ni

H
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Nj

H∗
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H
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.

    - break L
    - violate C et CP
    - are naturally out of equilibrium in the early Universe      



for a quasi-degenerate spectrum of     : resonance occurs for CP-asymmetry  Ni

bounded from below only by sphaleron decoupling scale andMN1

MN1 � MN2

MN1 � TeVleptogenesis with                     perfectly possible
                     Pilaftsis ’97; ’99; Pilaftsis, Underwood ’05; ...; 

       Dev, Millington, Pilaftsis, Teresi ’14

Covi, Roulet, Vissani 96’
  Flanz, Paschos, Sarkar 96’

a precise treatment of the resonant case requires inclusion of a series of extra
effects, in particular quantum Boltzmann equations

         Buchmüller, Fredenhagen ’00
De Simone, Riotto ’07

                   Cirigliano, Isidori, Masina, Riotto, ’08
                                  Anisimov, Buchmüller, Drewes, Mendizabal ’08

                             Garny, Hohenegger, Kartavtsev, Lindner ’09
                 Garny, Hohenegger, Kartavtsev, ’11

   Garbrecht, Herranen ’11
                        Cirigliano, Lee, Ramsey-Musolf, Tulin ’13,

                             Bhupal Dev, Millington, Pilaftsis, Teresi ’14, ’15
   .........

           takes into account memory effects, off-shell effects, 
finite density effects, flavor oscillations, decoherence
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          Going down to ~TeV right-handed neutrinos: 
                                                                                resonance from quasi degenerate spectrum



          Leptogenesis for very light     : 

  oscillation frameworks N

Akhmedov,  Rubakov, Smirnov 98’
Asaka, Shaposhnikov 05’

Canetti, Drewes, Frossard, Shaposhnikov 13’
Drewes, Garbrecht 11’

Hernandez, Kekic, Lopez-Pavon, Racker, Rius 15’
.....

  based on purely flavour asymmetries                  ; Shaposhnikov 08’

N

or new alternative mechanism: leptogenesis from L-violating Higgs decay
T.H., Teresi 16’, 17’

mN ⇠ GeV

H ! NL



          Leptogenesis relevant scales for low 

very low       leptogenesis:  different from                   leptogenesis in many ways:

T > TSphaler. >> mN

TSphaler. > mH >> mN,L

creation of L asymmetry at 6= regime

thermal effects are fully relevant: T > TSphaler. > mH >> mN,L

m2
H(T ) = m2

H + cH · T 2 m2
L(T ) = m2

L + cL · T 2 m2
N (T ) = m2

N + cN · T 2

usual leptogenesis                decay forbidden but                allowedN ! LH H ! NL

mN

TSphaler. ⇠ 135GeV

mN mN & TeV



          Temperatures allowing the            and             decays
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FIG. 1: Values of mN and T for which the N ! LH and
H ! LN decays are kinematically allowed.

by m2

i ⌘ mi(T )2 ' M2

i (v(T )) + ciT 2, where M2

i (v) is
the VEV-dependent zero-temperature mass. The coe�-
cients ci can be found e.g. in Ref. [9]. Note that, given
the small values of the RH neutrino Yukawa couplings at
low scale, the thermal corrections are negligible for the
masses of the RH neutrinos, but not necessarily for their
mass splitting when they are quasi-degenerate, see be-
low. For the thermal mass of the Higgs doublet mH(T ),
instead, we will consider the result that is obtained from
the second derivative of the thermal e↵ective potential,
as given e.g. in Ref. [10].

In Fig. 1 the regions in the T -mN plane in which the
two di↵erent decay processes are active is shown. For
the moment, we work in the approximation of only one
RH neutrino. Taking into account thermal masses, the
decay widths for the processes N ! LH and H ! NL
are respectively given by

�N!LH =
mN

8⇡
YNY †

N �
1
2(1, aH , aL) (1� aH + aL) , (2)

�H!NL =
mN

8⇡
YNY †

N �
1
2(1, aH , aL)

aH � aL � 1

2 a3/2H

, (3)

with aX ⌘ (mX(T )/mN )2. We calculate the thermally-
averaged decay rates �N!LH and �H!NL in the classical-
statistics approximation, finding

�N!LH =
m3

N

⇡2z
K

1

(z)�N!LH , (4)

�H!NL =
m2

H mN

⇡2z
K

1

✓
mH

mN
z

◆
2�H!NL , (5)

with z ⌘ mN/T . The total decay rate is thus given by
�D = �N!LH ✓(mN � mH � mL) + �H!NL ✓(mH �
mN � mL). In the low-mN region the �H!NL rate re-
ceives O(1) corrections [11] due to IR-enhanced processes
involving electroweak bosons [12].

The way the H ! LN decays lead to a CP-asymmetry
is from the one loop self-energy diagram of Fig. 2. Clearly
this diagram does not lead to any CP-violation at T = 0,
because the loop cannot have an absorptive contribution

H

L

L

N

N

H

FIG. 2: Thermal cut in the H ! NL decay, which gives rise
to its purely-thermal L-violating CP-violation.

for mH > mN + mL. However, it does from thermal
corrections, since one of the particles in the loop can
originate on-shell from the thermal bath. Denominating
by �T (z) the thermal cut of the self-energy, one obtains,
for |�mN (z)| ⌧ mN , the usual resonant [3, 4] form for
the unflavoured L-violating CP asymmetry [3, 13]

✏CP (z) = I
1

2�m0

N�T (z)

4�mN (z)2 + �T (z)2
, (6)

where I
1

= Im[(YNY †
N )2

12

]/(|YNY †
N |

11

|YNY †
N |

22

) and
�mN (z) = �m0

N + �mT
N (z) is the mass splitting in-

cluding thermal corrections
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4z2
�
22

s✓
1� �

11

�
22

◆
2

+ 4
|�

12

|2
�2

22

⌘ ⇡

4z2
�
22
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with �ij = mN (YNY †
N )ij/(8⇡). Here we have conserva-

tively taken the regulating expression in the denomina-
tor to be equal to the same �T (z) as in the numerator.
This is based on the physical expectation that the diver-
gence in the degenerate limit is regulated by the (ther-
mal) width of the heavy neutrinos. Notice that correc-
tions to the precise form of the asymmetry (e.g. taking
into account heavy-neutrino oscillations at T ⇠ mN in
addition to mixing [6, 14]) can be absorbed into a re-
definition of f . As shown in detail in [15], the masses
appearing in the numerator of (6) should be taken as the
Lagrangian masses without thermal corrections, �m0

N .
This also guarantees the vanishing of the asymmetry in
the CP-conserving limit �m0

N ! 0. The thermal cut
of the Majorana RH neutrino self-energy has been cal-
culated in [9, 13]. Here, neglecting the thermal mo-
tion of the decaying particle , we use the results of [13],
obtained in the Kadano↵-Baym formalism (which cor-
responds to taking the cut of the retarded self-energy,
rather than of the time-ordered one, as done instead in
[9]). The temperature dependence of �T can be extracted
as �T (z) ⌘ �

22

�(z), where �(z) is [13]

�(z) ⌘ pL⇢(q)

pq
, (8)

with p and q the 4-momenta of the charged lepton and
RH neutrino, respectively. The absorptive function L⇢(q)
is given by

L⇢(q) = 16⇡

Z
d⇧q

Hd⇧p
L (2⇡)4�4(l) /pB , (9)

H ! NLN ! LH

leptogenesis from this region?H ! NL

TSphaler.

N ! LH

H ! NL



          L asymmetry production from             decayH ! NL

2 issues at first sight:

1) out-of-equilibrium decay? 3rd Sakharov condition

decaying particle is in deep thermal equilibrium atH T > TSphaler.

but     in decay product is not necessarily in thermal equilibr.N

H ! NL NL ! H

dnN

dt
/ (neq

N � nN ) · �H!NL



2) Absorptive part for CP violation? 2

FIG. 1: Values of mN and T for which the N ! LH and
H ! LN decays are kinematically allowed.
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mH +mL > mN no absorptive part?

          L asymmetry production from             decayH ! NL

but only for           ! T = 0

finite T corrections: thermal cut: if      or     comes
from the thermal bath the cut is kinematically allowed    

absorptive part            (calculated in Kadanoff Baym formalism)
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          Results for the CP asymmetry needed for successful leptogenesis4

bound because in the low-mN region, where the bound
occurs, even if em � em?, it turns out that there is no
large washout e↵ects diminishing the asymmetry pro-
duced, due to the sphaleron cut.

III. THE NON-THERMALIZED CASE: AN
EFFICIENT LOW-SCALE MECHANISM

As explained above, the bound of Eq. (14) holds for
leptogenesis induced by CP-violating H-decays if the RH
neutrinos previously thermalize. The fact that it is in
general di�cult to achieve leptogenesis at such low scale,
at the origin of this bound, is easy to understand: the
lower the masses, the more the RH neutrinos were in
thermal equilibrium at T > Tsph � mN . However, this
is true only if one assumes that the N species has ther-
malized before the lepton asymmetry is produced. If in-
stead the RH neutrinos have not thermalized the situa-
tion drastically changes. This can be easily the case as
long as there were no other interactions below the reheat-
ing temperature (such as involving a WR for instance).
For low mN the production of the asymmetry is cut o↵
at Tsph > mh,W,Z > mN . Therefore the less N ther-
malizes, the smaller is nN , the fewer inverse H decays
occur (unlike H decays which occur anyway), the larger
is neq

N � nN ⇠ neq
N , the larger is the L-asymmetry pro-

duced. Note that this is di↵erent from what happens for
large mN o Tsph, where considering a situation with no
N after reheating renders leptogenesis more di�cult [9].
In this case, in the weak washout regime, as the asym-
metry is produced long before sphaleron decoupling, the
more N there are in the thermal bath, the more N decays
occur to produce the L asymmetry at T ⇠ mN .

Fig. 4 shows the numerical solution of the Boltzmann
equations, by starting from a zero number density of
RH neutrinos at T

in

= 10T
sph

and taking a maximal
CP-asymmetry ✏CP = 1/2 (multiplied by 2 as above).
Clearly this shows that, even for mN ⇠ 0.1 GeV, the
parameter space available is large and successful leptoge-
nesis can be achieved with CP-asymmetry far from max-
imal. Note that here most of the asymmetry is created
shortly before sphaleron decoupling because for T � mN

and small N number density, the source term in (12) is
approximately constant: d⌘/dz ⇡ const, since �D / 1/z4

in this regime. Thus, the final asymmetry produced does
not depend on the reheating temperature as long as this
is larger than Tsph by a factor of about 2.

In Figs. 5a-5c we plot the ⌘L numerical solution of
the Boltzmann equations, with the asymmetry as given
in (10), with zero number density of RH neutrinos at
T
in

= 10T
sph

, and taking �m0

N/mN = 10�11,�8.5,�6 re-
spectively. Fig. 5b and 5c show that successful leptoge-
nesis, which requires ⌘L > 2.47 ⇥ 10�8, can be achieved
with level of N mass quasi-degeneracy about two orders
of magnitude smaller than in ordinary TeV-scale resonant
leptogenesis [5, 6]. For �

11

/�
22

= m
sol

/m
atm

, we find
that the minimum level of mass-degeneracy required is
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FIG. 4: Same as Fig. 3, starting from no N at Tin = 10Tsph.

about �m0

N/mN ⇠ 10�5. In the flavoured (total-lepton-
number conserving) mechanism considered in [18] with
3 RH neutrinos, which does not require N mass degen-
eracy (and occurs at T ⇠ 106 GeV), a comparable level
of fine-tuning is instead present in the Yukawa couplings
to guarantee em ⇠ 103 eV ⇡ 105 m

sol

, as required by the
flavour e↵ects taking place.

We may also compare the mechanism considered here
with the ARS oscillation one [19] (which also relies on
non-thermalized N , but with CP-violation given by N
oscillations) in the ⌫MSM scenario considered in [20, 21].
In this scenario, a mass degeneracy between 2 RH neu-
trinos of about �m0

N/mN ' 10�11 is needed to generate
both the observed asymmetry (e.g. at T � Tsph) via
the ARS mechanism and the dark matter relic density
at T ⇠ 100MeV, via N freezeout or decay. The ap-
proximate form of the asymmetry at Tsph generated by
the ARS mechanism in this regime can be found in [20].
Fig. 5a shows that, assuming maximal CP-phases for
both mechanisms, the asymmetry at Tsph generated for
�m0

N/mN ' 10�11 is about 7 (12) times larger than the
ARS one, for mN = 2 (10)GeV (or larger if the reheating
temperature is larger than Tsph but smaller than the typ-
ical T � Tsph ARS asymmetry production temperature).
Note that such a dominance of the asymmetry produced
by H decays slightly before the sphalerons decouple does
not hold for all the available parameter space [11]. No-
tice also that, although the L-violating e↵ects inducing
the baryon asymmetry here can in principle be captured
by the density-matrix formalism used to study the ARS
mechanism (see e.g. [21] and [11]), these have been so far
thought to be negligible and hence disregarded.

A remarkable feature of the framework considered in
this letter is that, along it, leptogenesis is testable! This
is shown in all figures 3-5, which give the actual excluded
mN -em regions from various experiments, together with
future expected sensitivities for N production at SHiP
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where the momentum and statistical factor are l =
p � k � q, B = 1 + fH � fL for RH neutrino decay,
and l = q � k � p, B = fH + fL for H decay (with
fX the corresponding Bose-Einstein or Fermi-Dirac dis-
tribution), and d⇧ denoting the phase-space integration.
Thus, L⇢ for both decays are as given in Appendix D of
[13] except that for H decay we find that the J

0

term in
~L⇢ in [13] must be multiplied by z2. Thus the asymmetry
(6) takes on the form

✏CP (z;x, f) = I
1

x �(z)
�
x+ ⇡

4z2 f
�
2

+ �(z)2
, (10)

where x ⌘ 2 �m0
N

�22
.

The Boltzmann equations for the RH neutrino and the
lepton asymmetry, including the e↵ect of the processes
discussed above, are [5, 6, 9]

n�HN

z

d⌘N
dz

=

✓
1 � ⌘N

⌘eqN

◆h
�D + 2(�Hs + �As)

+ 4(�Ht + �At)
i
, (11)

n�HN

z

d⌘L
dz

= �D

✓
⌘N

⌘eqN
� 1

◆
✏CP (z)�

2

3
⌘L

�

� 4

3
⌘L


2(�Ht + �At) +

⌘N

⌘eqN
(�Hs + �As)

�
, (12)

where ⌘a ⌘ na/n� andHN is the Hubble rate at T = mN .
These equations take into account additional important
washout terms, which are active also when the decay pro-
cesses are kinematically forbidden. For them we adopt
the results and the notations of [9], where they are cal-
culated including the leading thermal e↵ects. The fi-
nal asymmetry produced in this way depends on 5 pa-
rameters: mN , I

1

, x, f and the e↵ective neutrino mass
em ⌘ v2(YNY †

N )
11

/mN .

II. LOWER BOUND ON mN FOR A
THERMALIZED N

At first sight one could believe that the Boltzmann
equations above do not lead to a lower bound on the mass
of the RH neutrino, since the lower is mN , the larger is
the phase space available for theH ! NL decay to occur.
However, there exists one. Here, the out-of-equilibrium
Sakharov condition is not realized as usual from the fact
that the decaying particle is not in thermal equilibrium
(here it is) but from the fact that the RH neutrino in the
decay product is not. Thus, for mN < Tsph, the lower
mN , the more N is in thermal equilibrium at T > Tsph,
the less successful is leptogenesis.

Starting from a RH neutrino initially in equilibrium,
Fig. 3 shows the results we get from solving the Boltz-
mann equations (11)-(12), by taking ✏CP = 100,�1,�2,...

when one of the two decay processes is kinematically
allowed, zero otherwise. Taking the maximal CP-
asymmetry ✏CP = 1/2⇥2, (the factor of 2 is to take into

FIG. 3: Logarithm base 10 of the asymmetry ✏CP needed
to obtain successful leptogenesis, with the RH neutrinos ini-
tially at thermal equilibrium. We also plot the relevant ex-
isting bounds (solid lines) and projected sensitivities of the
SHiP [16] and FCC-ee [17] experiments (dashed lines). The
area below the thick blue line requires values of ✏CP which
are not reachable for such low mN .

account the fact that such a maximal CP asymmetry is
obtained in the quasi-degenerate case together with a sec-
ond RH neutrino), we obtain the bound mN > 0.2GeV.
Of course one could wonder if this bound can be sat-

urated, i.e. if taking ✏CP = 1/2 can be justified. Al-
though ✏CP (z) = 1/2 cannot be satisfied at all tem-
peratures, see (10), since the bound occurs for em much
larger than the usual thermal-equilibrium critical value

em⇤ = 8⇡1.66 g1/2⇤ v2/mPL ' 2.15meV, the asymmetry in
this case depends mostly on ✏CP at temperatures close to
T
sph

. Thus, we find that taking ✏CP = const can be jus-
tified in a large portion of the parameter space in Fig. 3.
However, this is not fully the case for the low-mN region.
The full asymmetry of Eq. (10) (including in particular
the I

1

factor) turns out to be maximized for f ' 1. For
such values of f , since �(z ⌧ 1) ⇡ 50, for mN < 10GeV
the thermal-mass contribution in the denominator of (10)
are important. Thus, for T close to Tsph, the asymmetry
is maximized for x ⇠ ⇡fT 2

sph/(4m
2

N ), which gives

✏CP .

4

⇡

50m2

N

f T 2

sph

. (13)

This excludes the area below the thick blue line in Fig. 3,
yielding to a bound one order of magnitude stronger

mN > 2GeV . (14)

This bound can be compared to the much larger one
that we get by considering only N ! LH decays, which
turns out to be mN > 50GeV (as one could approxi-
mately guess from Fig. 1). Note also that possible flavor
e↵ects, disregarded above, do not sizeably change this

Boltzmann equations:

⌘N ⌘ nN/n�

z ⌘ mN/T

m̃ ⌘ YNY †
N v2

2mN

if only                 decay we need instead: mN > 50GeVN ! LH

requires that at least 2 of the     have quasi-degenerate masses   N

(BBN concerns below                )⇠ 200MeV
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bound because in the low-mN region, where the bound
occurs, even if em � em?, it turns out that there is no
large washout e↵ects diminishing the asymmetry pro-
duced, due to the sphaleron cut.

III. THE NON-THERMALIZED CASE: AN
EFFICIENT LOW-SCALE MECHANISM

As explained above, the bound of Eq. (14) holds for
leptogenesis induced by CP-violating H-decays if the RH
neutrinos previously thermalize. The fact that it is in
general di�cult to achieve leptogenesis at such low scale,
at the origin of this bound, is easy to understand: the
lower the masses, the more the RH neutrinos were in
thermal equilibrium at T > Tsph � mN . However, this
is true only if one assumes that the N species has ther-
malized before the lepton asymmetry is produced. If in-
stead the RH neutrinos have not thermalized the situa-
tion drastically changes. This can be easily the case as
long as there were no other interactions below the reheat-
ing temperature (such as involving a WR for instance).
For low mN the production of the asymmetry is cut o↵
at Tsph > mh,W,Z > mN . Therefore the less N ther-
malizes, the smaller is nN , the fewer inverse H decays
occur (unlike H decays which occur anyway), the larger
is neq

N � nN ⇠ neq
N , the larger is the L-asymmetry pro-

duced. Note that this is di↵erent from what happens for
large mN o Tsph, where considering a situation with no
N after reheating renders leptogenesis more di�cult [9].
In this case, in the weak washout regime, as the asym-
metry is produced long before sphaleron decoupling, the
more N there are in the thermal bath, the more N decays
occur to produce the L asymmetry at T ⇠ mN .

Fig. 4 shows the numerical solution of the Boltzmann
equations, by starting from a zero number density of
RH neutrinos at T

in

= 10T
sph

and taking a maximal
CP-asymmetry ✏CP = 1/2 (multiplied by 2 as above).
Clearly this shows that, even for mN ⇠ 0.1 GeV, the
parameter space available is large and successful leptoge-
nesis can be achieved with CP-asymmetry far from max-
imal. Note that here most of the asymmetry is created
shortly before sphaleron decoupling because for T � mN

and small N number density, the source term in (12) is
approximately constant: d⌘/dz ⇡ const, since �D / 1/z4

in this regime. Thus, the final asymmetry produced does
not depend on the reheating temperature as long as this
is larger than Tsph by a factor of about 2.

In Figs. 5a-5c we plot the ⌘L numerical solution of
the Boltzmann equations, with the asymmetry as given
in (10), with zero number density of RH neutrinos at
T
in

= 10T
sph

, and taking �m0

N/mN = 10�11,�8.5,�6 re-
spectively. Fig. 5b and 5c show that successful leptoge-
nesis, which requires ⌘L > 2.47 ⇥ 10�8, can be achieved
with level of N mass quasi-degeneracy about two orders
of magnitude smaller than in ordinary TeV-scale resonant
leptogenesis [5, 6]. For �

11

/�
22

= m
sol

/m
atm

, we find
that the minimum level of mass-degeneracy required is
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FIG. 4: Same as Fig. 3, starting from no N at Tin = 10Tsph.

about �m0

N/mN ⇠ 10�5. In the flavoured (total-lepton-
number conserving) mechanism considered in [18] with
3 RH neutrinos, which does not require N mass degen-
eracy (and occurs at T ⇠ 106 GeV), a comparable level
of fine-tuning is instead present in the Yukawa couplings
to guarantee em ⇠ 103 eV ⇡ 105 m

sol

, as required by the
flavour e↵ects taking place.

We may also compare the mechanism considered here
with the ARS oscillation one [19] (which also relies on
non-thermalized N , but with CP-violation given by N
oscillations) in the ⌫MSM scenario considered in [20, 21].
In this scenario, a mass degeneracy between 2 RH neu-
trinos of about �m0

N/mN ' 10�11 is needed to generate
both the observed asymmetry (e.g. at T � Tsph) via
the ARS mechanism and the dark matter relic density
at T ⇠ 100MeV, via N freezeout or decay. The ap-
proximate form of the asymmetry at Tsph generated by
the ARS mechanism in this regime can be found in [20].
Fig. 5a shows that, assuming maximal CP-phases for
both mechanisms, the asymmetry at Tsph generated for
�m0

N/mN ' 10�11 is about 7 (12) times larger than the
ARS one, for mN = 2 (10)GeV (or larger if the reheating
temperature is larger than Tsph but smaller than the typ-
ical T � Tsph ARS asymmetry production temperature).
Note that such a dominance of the asymmetry produced
by H decays slightly before the sphalerons decouple does
not hold for all the available parameter space [11]. No-
tice also that, although the L-violating e↵ects inducing
the baryon asymmetry here can in principle be captured
by the density-matrix formalism used to study the ARS
mechanism (see e.g. [21] and [11]), these have been so far
thought to be negligible and hence disregarded.

A remarkable feature of the framework considered in
this letter is that, along it, leptogenesis is testable! This
is shown in all figures 3-5, which give the actual excluded
mN -em regions from various experiments, together with
future expected sensitivities for N production at SHiP
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          Testing   -physics at DM direct detection expts.
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Fig. 6. Left: Spin-independent WIMP-nucleon scattering results [134,133]. Claims from the crystal-based experiments CDMS Si [97], CoGeNT [101],
CRESST [89] and DAMA/LIBRA [104] are shown together with exclusion limits from the noble-gas experiments ZEPLIN-III [113], XENON10 [108],
XENON100 [110], and LUX [107]. Also shown are the projected sensitivities of DarkSide-50 [105], LUX [107], DEAP3600 [106], XENON1T, DarkSide G2,
XENONnT (similar sensitivity as LZ [116]) and DARWIN [114]. In the yellow shaded region coherent neutrino scattering becomes an important background.
Right: Spin-independent WIMP-nucleon scattering results at low mass [91]. The 90% C.L. upper limit from CRESST-II (solid red) is depicted together with
the expected sensitivity (1� C.L.) from the background-only model (light red band). The CRESST-II 2� contour reported for phase 1 [89] is shown in light
blue. The dash-dotted red line refers to the reanalyzed data from the CRESST-II commissioning run [90]. Shown in green are the limits (90% C.L.) from
Ge-based experiments SuperCDMS (solid) [99], CDMSlite (dashed) [98] and EDELWEISS (dash-dotted) [102]. The parameter space favored by CDMS Si [97]
is shown in light green (90% C.L.), the one favored by CoGeNT (99% C.L. [101]) and DAMA/LIBRA [104] in yellow and orange. The exclusion curves from
liquid Xe experiments (90% C.L.) are drawn in blue (solid for LUX [107], dashed for XENON100 [110]). Marked in gray is the limit for a background-free
CaWO4 experiment arising from coherent neutrino scattering, dominantly from solar neutrinos [135]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

i.e. the whole nucleus interacts coherently provided the inverse momentum transfer is smaller than the size of the nucleus.
Since heavier nuclei consist of more neutrons than protons, isospin-violating coupling with fn/fp ' �Z/(A� Z) can reduce
the cross sections for particular nuclei, and thus weaken the tension between conflicting experimental results [132]. To
adjust the sensitivity of Xe- andGe-based experiments to the signal regions claimedbyCDMS-II, CoGeNT, andmost strikingly
DAMA/LIBRA (see below), one needs, e.g., fn/fp = �0.7 and �0.8, respectively.

If, e.g., dark matter scatters off nuclei via the exchange of a scalar particle � with mass m� and dimensionless coupling
constants �X , �p and �n to dark matter, protons and neutrons, respectively, the differential cross section is

d� SI
N

dER
' mN

(q2 + m2
�)2

�2
X
⇥
Z�pFp(ER) + (A � Z)�nFn(ER)

⇤2

2⇡v
�
v2 � 2�/µ

�1/2 . (39)

Since Emax
R � Emin

R = 2µ2v
�
v2 � 2�/µ

�1/2
/mN , the total spin-independent scattering cross section is then of the order

� SI
N (ER) '

�2
X�

2
pµ

2A2

(2mNER + m2
�)2

F 2
SI(ER). (40)

Currently, three direct-detection experiments claim evidence for potential signals of dark matter. At Gran Sasso,
DAMA/LIBRAwith 14 annual cycles and a total exposure of 1.33 ton-years finds with 9.3� confidence an annual modulation
of single-hit events in the (2–6) keV energy interval with amplitude (0.0112 ± 0.0012) counts/kg/keV/day, a measured
phase of (144 ± 7) days and a period of (0.998 ± 0.002) years, all well in agreement with those expected for dark-matter
particles [104]. CoGeNT at the Soudan Underground Laboratory claims a 2� (now somewhat less) dark-matter excess and
annual modulation [101], and CDMS-II at SNOLAB observes three unexplained low-energy events in their Si-detector data
sample. After their detector upgrade, CRESST-II no longer finds a previously claimed excess [89,91]. These claims are shown
in Fig. 6 (left) as colored areas. They cluster in the mass region of tens of GeV and at cross sections between 10�42 and
10�39 cm2. All other direct detection searches have set exclusion limits on the SI dark matter-nucleus cross section that
contradict the claims listed above. They are shown in Fig. 6 (left) as full lines. The currently best exclusion bounds come
from XENON100 (soon to be updated by XENON1T) [110] and LUX [107]. The signal claims also seem to be in conflict with
the first PANDA-X results [117].

Asymmetric dark matter models (green ovals) have been constructed with a view to resolve the apparent contradiction
between claimed signals and exclusion limits, whereas null results from the LHC have driven supersymmetric (big red
circle) and extra-dimensional models (blue oval) to high masses and low cross sections (see below). DARWIN is designed
to probe the entire parameter region for dark-matter masses above ⇠6 GeV, limited by the neutrino background (yellow
region) [133]. Experiments based on the mK cryogenic technique, such as SuperCDMS [99] and EURECA [115], have access
to lower WIMP masses. The low-mass region is emphasized in Fig. 6 (right), where the claims, including the area favored
by CRESST-II [89] (light blue), are shown together the exclusion curves. We include that from the CRESST-II low-threshold
analysis of a single upgraded detector module [91] (red), that did not confirm the previous excess.

solar and atmospheric neutrinos constitute an irreducible background for
DM direct detection experiments

Neutrino Non-Standard Interactions can increase or lower the neutrino floor level by a factor of  ~2

DM direct detection at the level of neutrino floor will constraint the NSI

LNSI = 2
p
2GF ⌫̄↵L�

µ⌫�L(✏
fL
↵� f̄L�µfL + ✏fR↵� f̄R�µfR)

Dutta, Liao, Strigari, Walker 17’

⌫

Ariztizabal-Sierra, Dutta, Liao, Strigari 19’
Ariztizabal-Sierra, Rojas, Tytgat 17’

                   The recent COHERENT expt results reporting the first evidence for coherent 
nu-nuclei scattering are also quite interesting for constraining NSI 

Coloma, Esteban, Gonzalez-Garcia, Maltoni 19’
COHERENT Coll. 17’

see talk by M. Masud

See talk by K. Scholberg 



Boosted DM in neutrino detectors

halo DM today is highly non relativistic:                          DM not detectable
in neutrino detectors through DM-Nucleon or DM-electron scattering

v/c ⇠ 10�3

but if small proportion of DM was relativistic today they could be observed

2 clear possible ways to get boosted DM particles today

multicomponents DM

DMADMA ! DMBDMB

mDMA > mDMB

semi-annihilating DM

DM +DM ! DM +X

   TH 08’
                   

   
                    D’Eramo, Thaler 10’, ….

DMA ! DMB +X
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100 MeV< Evis < 1.33 GeV 1.33 GeV < Evis < 20 GeV Evis > 20 GeV
Search
Cone

Expected
Bckg

Data Sig Rate
Limit

(kT-y)�1

Expected
Bckg

Data Sig Rate
Limit

(kT-y)�1

Expected
Bckg

Data Sig Rate
Limit

(kT-y)�1

GC 5� 8.4± 0.7 5 0.017 1.6± 0.3 1 0.018 0.016± 0.005 0 0.015
GC 10� 32.0± 1.9 24 0.023 6.3± 0.84 5 0.026 0.060± 0.018 0 0.015
GC 15� 72.5± 3.5 69 0.078 13.6± 1.6 11 0.032 0.14± 0.04 0 0.014
GC 20� 126.5± 5.4 125 0.123 23.3± 2.3 18 0.028 0.25± 0.07 0 0.014
GC 25� 196.8± 7.6 202 0.201 35.4± 3.3 31 0.049 0.37± 0.11 0 0.013
GC 30� 283.7± 10.1 285 0.214 49.3± 4.3 48 0.081 0.53± 0.16 0 0.012
GC 35� 384.8± 12.8 375 0.187 68.1± 5.4 67 0.101 0.70± 0.21 0 0.011
GC 40� 499.6± 15.9 494 0.249 90.2± 6.9 90 0.124 0.90± 0.27 0 0.011
Sun 5� 7.59± 0.18 5 0.017 1.25± 0.07 1 0.020 0.015± 0.004 0 0.015

TABLE II. Estimated backgrounds,numbers of events in data, and signal event rate limits for each cone and each energy sample.
The event rate limits are at the 90% confidence level.

tested. This reweighting accounts for the model depen-
dent recoil electron energy spectrum, as well as the model
dependent smearing between the boosted dark matter di-
rection and the recoil electron direction. The e↵ect of
boosted dark matter scattering o↵ of both electrons and
protons in the Earth is also accounted for, though this
e↵ect is negligible for the majority of the allowed param-
eter space. A binned �2 statistic was then computed
similar to the one described above:

�2 =
3X

i

min
�i


2

✓
E

i

�O
i

+O
i

ln
O

i

E
i

◆
+ �2

i

�
, (2)

with variables defined as before, summed over three bins
corresponding to the three energy samples. The ��2 test
statistic was then calculated by subtracting the global
minimum �2. Confidence intervals were found by com-
paring the measured ��2 values with the distributions
of ��2 values found by many toy Monte Carlo simula-
tions produced at each point. Ninety-percent confidence
intervals were computed in the " vs m

A

plane for the an-
nihilation scenario, and the "/⌧

decay

vs m
A

plane for the
decay scenario, with m

B

, m0
�

and g0 set to representa-
tive values of m

B

=200 MeV, m0
�

=20 MeV, and g0=0.5.
Since the " = 0 points, which correspond to no signal,
are allowed at 90% confidence, the resulting confidence
intervals are interpreted as upper limits. These limits are
shown for the Moore, NFW, and Kravtsov halo models
in Fig. 3.

In summary, we have searched for evidence of boosted
dark matter by looking for high energy elastically
scattered electrons that point back to the Galactic
Center or the Sun. We have found no such evidence.
This is the first study of high energy “electron elastic
scatter-like” events at SK. The use of decay electron and
tagged neutron cuts significantly reduced background
in the highest energy sample, allowing for an e↵ectively
background free search in that energy range. Our results
are presented in a model independent way, which makes

Annihila'on	

Decay	

FIG. 3. 90% Confidence Interval upper limits for mB=200
MeV, m0

�=20 MeV, and g0=0.5, for boosted dark matter pro-
duced by annihilation (top) and decay (bottom).

them applicable not only to boosted dark matter, but
to any theory that predicts an excess of particles from
the Galactic Center or Sun that would elastically scatter
electrons to energies above 100 MeV.

We gratefully acknowledge the cooperation of the
Kamioka Mining and Smelting Company. The Super-

DMADMA ! DMBDMB

DMA ! DMB +X

DMB + e� ! DMB + e�

DMB + e� ! DMB + e�

✏

✏

⌧A

�thermal

EDMB = mDMA

EDMB = mDMA/2

first result on boosted DM from Super-Kamiokande for an example model
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Boosted DM from scatterings with cosmic rays 

DM particles from time to time scatters with cosmic rays (mainly    ) and get
boosted in this way: this gives a low but guaranteed flux of boosted DM!

p

for low DM mass this gives a very weak upper bound on DM-N cross section
but still the best one because no other relevant bounds in this case

8

FIG. 6. Our exclusion regions calculated from KamLAND
and Daya Bay data (red, labeled), compared to previous re-
sults from Ref. [38] (purple), as well as existing limits from
direct detection [87, 88] (gray), cosmology[9, 11–13] (blue),
and CRs [16] (teal). DM lighter than ⇠1 keV, denoted by
the vertical dashed line, cannot have been in thermal contact
with ordinary matter in the early universe, due to e↵ects on
structure formation (see Ref. [89] and references therein).

search [86], which reports events from 5.5–20 MeVee of
visible energy. The signal for a solar-neutrino search is
elastic neutrino-electron scattering, unlike a reactor an-
tineutrino search, which looks for a positron followed by
a neutron capture. We consider the full spectrum, which
includes contributions from other backgrounds.

Figure 5 shows the 8B data along with the DM-induced
event spectra for a mass of 1 MeV. We proceed as for the
Daya Bay data, considering a DM cross section to be
ruled out for a given mass if the DM-induced event rate
in the detector is significantly larger than the observed
event rate in any energy bin. The resulting KamLAND
exclusion region is shown in Fig. 6. Between KamLAND
and Daya Bay, we exclude almost the entire XENON1T
region through direct scattering on protons.

E. Sensitivity for PROSPECT and JUNO

The PROSPECT reactor neutrino experiment [90] is
located on Earth’s surface at Oak Ridge National Labo-
ratory. Although its background rate is high, its min-
imal shielding, less than even MiniBooNE’s overbur-
den, makes it ideal for probing large cross sections.
PROSPECT is shielded by a meter of hydrogenous ma-
terial, half a meter of concrete, and the atmosphere,
of which the atmosphere is the dominant contribution.

FIG. 7. Projected sensitivity regions for PROSPECT (red,
dotted) and JUNO (red, dashed), compared to existing ex-
clusion regions. See text for the di↵erence between the two
PROSPECT projections.

Because the atmospheric column density is at least 10
m.w.e. and because, unlike for neutron scattering, pro-
tons are not especially e↵ective shielding compared to
other nuclei, we neglect the hydrogenous material. We
model the concrete as rock, and because it is a subdom-
inant contribution to the shielding, uncertainties in its
composition represent less than a ⇠10% e↵ect.
We use the reactor-o↵ spectrum of electron-like events

in the energy range 0.8–8.8 MeVee from Ref. [90]. In
the available data, the background rate is too high to set
a limit using the same analysis as above. However, the
vast majority of the events represented by these data are
expected to be electron, not proton, recoils. Applying
pulse shape discrimination (PSD) cuts to the data could
reduce the event rate by a factor of ⇠1000 [91]. We derive
a projected sensitivity based on the available data with
an assumed factor of 1000 background reduction. Similar
to above, we exclude a DM mass and cross section pair if
the resulting CR-induced event rate is greater than the
total PSD-reduced event rate at the 90% level in any bin.
The resulting sensitivity is shown in Fig. 7. This region
covers the largest cross sections probed by any direct-
detection experiment for m� ⌧ 1 GeV.
Additionally, the sensitivity could be further improved

with precise background modeling. We have adopted
the very conservative approach of comparing the DM-
induced event rate to the total event rate in a given bin,
but there are known to be standard model backgrounds
for PROSPECT (and other detectors). Perfect back-
ground modeling would allow us to improve sensitivity
by comparing the DM-induced event rate not to the to-

   
                    Bringmann, Pospelov 18’   
                    Beacom, Cappiello 19’

probing directly a < GeV DM directly is a just starting but very active task 



Probing DM with neutrinos: neutrino telescopes

2 kinds of signals:

DM annihilation or decay in the galactic center and halo can produce neutrinos

⌫

⌫̄

- diffuse     flux ⌫
- monochromatic     flux ⌫

   
                    Icecube: see M. Pandey’s talk



⌫Motivations for the search of     -lines

DM DM ! ⌫ ⌫̄ DM ! ⌫ + X                or                      : monochromatic flux of    :  ‘’   -line’’⌫ ⌫

               no astrophysical background: DM smoking gun! 

               a line can be very well distin-
              guished from background: in 

           neutrino energy spectrum

               but so far all neutrino telescope limits on     
                channel do not look at energy spectrum!!!

⌫

               well known 
              for    -rays�

               a    -line can be produced from a tree level⌫
annihilation unlike a   -line�

               for the                     channel, neutrino telescopes have 
the best sensitivity unlike for other channels where 

DM DM ! ⌫ ⌫̄

DMDM ! ⌧+⌧�, µ+µ�, e+e�, W+W�, qq̄, ...

�

telescopes are more sensitive

magnitude better than on channels with secondary photons
from    telescopes the limit on   -line channel is 2-3 orders of� �



⌫First spectrum based search of a ‘   -line’ from IceCube data

                using a 2010-2012 public IceCube data sample: for DM decay: �DM!⌫+X

Lifetime lower limit exploiting the sharp spectral feature property:
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                               improvement from few TeV
       to 100 TeV

El Aisati, Gustafsson, TH 15’

                                     Above 100 TeV there are other
limits: Rott, Kohri, Park , 14’

Esmaili, Kang, Serpico 14’



Lifetime lower limit:
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                    between few TeV and 50 TeV,     and     line sensitivities are similar!        � ⌫ within a factor 1 to 20

⌫First spectrum based search of a ‘   -line’ from IceCube data

                using a 2010-2012 public IceCube data sample: for DM decay: �DM!⌫+X

Lifetime lower limit exploiting the sharp spectral feature property:
El Aisati, Gustafsson, TH 15’



                Observational situation for an annihilation:

Annihilation cross section upper limit:

h� viDMDM!⌫⌫

⌫

5

MILKY WAY
NFW

Unitarity Limit

IceCube 2014

IceCube 2016

Antares
This work
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s
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Figure 1: Upper bounds on �v, the total DM annihilation cross section into neutrinos, as a function
of the DM mass m

DM

. Given are the experimental 90% CL limits from IceCube 2014 [13], from
IceCube 2016 [7], from Antares 2015 [14], and those we derived at 95% CL from a 2-year public
data sample of IceCube [15] following the approach considered in section II.C of Ref. [5]. Also
given are the unitarity limit in our galaxy (excluding the shaded area) and the indirect “Hess (⌫⌧ )”
limit from the production of secondary gamma-rays through radiative corrections [16]. Here we
assume self-conjugate DM. For complex or Dirac DM, the limits are a factor of two weaker.

Fig. 1 presents a compendium of the existing upper limits on the annihilation cross section
�v, as a function of DM masses m

DM

ranging from 1 to 100 TeV. The cross section �v given
on the vertical axis is defined as the sum of the cross sections into the various neutrino flavor
final states, �v ⌘

P
↵,�=e,µ,⌧ �v⌫↵⌫� . This definition is convenient because it is directly linked

to the total neutrino flux, which does not depend on how neutrinos oscillate on their way to
Earth. All the limits in this figure are given assuming an equal production of ⌫e, ⌫µ and ⌫⌧
at the source, and thus in the detector too. Under this assumption, the limits on the total
cross section di↵er by a factor of 3 from those into a single neutrino flavor, often reported
in the literature.3 The dotted and dashed-dotted curves come from two di↵erent analyses of
di↵erent samples by the IceCube collaboration, respectively [13] and [7], at the 90 % CL.
To make the comparison as fair as possible with all the other limits, we have rescaled this
limits obtained with an Einasto profile to account for a NFW profile with a local density of
0.39 GeV/cm3. The Antares collaboration has also reported 90 % CL limits on the presence

3 Going from the limit on an individual flavor cross section to the one on the total cross section is model

dependent as it requires to know the flavor structure at production. However, in practice, it is a rather

good approximation to apply such a factor of 3 in between, because neutrino oscillations approximately

lead to a flavor-democratic flux in the detector, see Section VI.

           from line dedicated 
         search using same
         1-year data sample
         than for the decay

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

annihilation signal largely peaked on galactic center unlike for a decay 
n⌫ / ⇢2DM

n⌫ / ⇢DMdecay:

need also to see the galactic center with good angular resolut. : IceCube new results

crucial for annihilation:

h� viDMDM!⌫⌫

El Aisati, Garcia-Cely, T.H., Vanderheyden 17

⌫Monochromatic flux of     from DM annihilation: experimental limits

 to come soon! 



                Given this exciting experimental situation:

could we expect on the theoretical side signals
at the level of present and future sensitivities??



What about model-building?    -line sensitivity reachable?⌫

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

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

⌫future    -line sensitivity                                            will not reach  the
thermal freeze out total cross section value

h�viDM DM!⌫⌫ ⇠ few 10�25

h�vi
Tot

⇠ 3 · 10�26

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

astrophysical boost particle physics boost: Sommerfeld effect

non relativistic DM particles

mediators before annihilating 
today can exchange many lighter

El Aisati, Gustafsson,TH, Scarna ‘16



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

for spin 0 or 1/2 DM

with DM out of single multiplet of  SU(3)c ⇥ SU(2)L ⇥ U(1)Y

with                       mediated by single mediator multipletDM DM ! ⌫⌫

DM

DM

⌫

⌫
M

DM

DM

⌫

⌫
M

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

⌫

El Aisati, Garcia-Cely, TH, Vanderheyden 17

systematic study of these minimal models



20 models: surviving direct detection, s-wave annihil., … DM and mediator up to triplets
10

Annihilation
DM Mediator

m⌫ OK Suppressed
`+`� Model

Channel at 1-loop? by v
EW

/m
DM

?

DMDM ! ⌫⌫ Dirac

T
0

s-chann. vector S

Yes No =

F
1

T
0

t-chann. scalar D F
2

S s-chann. vector S F
3

S t-chann. scalar D F
4

DMDM ! ⌫⌫

Real Scalar

D s-chann. scalar T
2

± No

/

Sr
1

S

t-chann. Majorana

D

No

Yes Sr
2

D S No Sr
3

D T
0

No Sr
4

D T
2

Yes Sr
5

T
0

D Yes Sr
6

T
2

D Yes Sr
7

Majorana

D s-chann. scalar T
2

± No Fm
1

S

t-chann. scalar

D

No

Yes Fm
2

D S No Fm
3

D T
0

No Fm
4

D T
2

Yes Fm
5

T
0

D Yes Fm
6

T
2

D Yes Fm
7

Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S
1

T
0

D S
2

Dirac
S

t-chann. scalar
D

Yes Yes
F
4

T
0

D F
2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T

0

and T
2

hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (v

EW

/m
DM

)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if m

DM

� v
EW

. The column `+`� specifies whether the model leads
to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `+`� (up to corrections proportional to the electroweak vev v

EW

). The
“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1

and F r
1

). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of v

EW

/m
DM

. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

only Dirac DM
for      channel⌫⌫̄

⌫⌫      channel 

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17
See also related table in Lindner, Merle, Niro ‘10

List of simple candidate models for an observable     flux⌫



7 simple models leading to observable    flux at     telescopes 
 surviving neutrino mass constraint, other indirect detection limits, perturbativity….

10

Annihilation
DM Mediator

m⌫ OK Suppressed
`+`� Model

Channel at 1-loop? by v
EW

/m
DM

?

DMDM ! ⌫⌫ Dirac

T
0

s-chann. vector S

Yes No =

F
1

T
0

t-chann. scalar D F
2

S s-chann. vector S F
3

S t-chann. scalar D F
4

DMDM ! ⌫⌫

Real Scalar

D s-chann. scalar T
2

± No

/

Sr
1

S

t-chann. Majorana

D

No

Yes Sr
2

D S No Sr
3

D T
0

No Sr
4

D T
2

Yes Sr
5

T
0

D Yes Sr
6

T
2

D Yes Sr
7

Majorana

D s-chann. scalar T
2

± No Fm
1

S

t-chann. scalar

D

No

Yes Fm
2

D S No Fm
3

D T
0

No Fm
4

D T
2

Yes Fm
5

T
0

D Yes Fm
6

T
2

D Yes Fm
7

Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S
1

T
0

D S
2

Dirac
S

t-chann. scalar
D

Yes Yes
F
4

T
0

D F
2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T

0

and T
2

hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (v

EW

/m
DM

)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if m

DM

� v
EW

. The column `+`� specifies whether the model leads
to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `+`� (up to corrections proportional to the electroweak vev v

EW

). The
“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1

and F r
1

). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of v

EW

/m
DM

. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

⌫

            possible only 
for

                not to induce
         too large 

              flux because 
                these models 

       predict

mDM & TeV

l+l�

�⌫⌫̄ = �l+l�

                     possible only 
           for

                due to 
                           perturbativity:

mDM . TeV

                   excluded: give too
                 many diffuse

                            or too intense   -line
W+W�

�

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17

there exist simple models leading to observable neutrino flux at neutrino telescopes

⌫



Neutrino masses, leptogenesis and Dark Matter common frameworks

 an all industry!   (India is biggest world producer of these models!) 

 the most well-known example: scotogenic model 

Figure 8: One-loop neutrino mass diagram.

neutrinos, mN ! 6 · 108 GeV [84–86], for a hierarchical spectrum of N ’s in the usual type-I
seesaw model where only right-handed neutrinos are added to the SM. To our knowledge,
the mechanism we propose in this section is the most simple and minimal way to induce all
three phenomena at such a low scale in a related way.

The crucial point at the origin of the fact that leptogenesis can be generated at such a
low scale is that, if the N ’s are odd under the Z2 symmetry, Yukawa coupling involving the
N ’s and the Higgs doublet are forbidden. The most general lagrangian one can write is [18]

L = LIDM + iN̄i/∂Ni − N̄iYNij
H̃†

2Lj −
1

2
mNi

NiNi (56)

with H̃2 = iτ2H∗
2 , i.e. only the Yukawa couplings with the inert doublet are allowed. As a

result neutrino masses cannot be generated at tree-level in the usual way but only at one
loop through two DM inert doublets, Fig. 8, which for mNi >> mH0,A0,Hc gives (at lowest
order in λ5v20/m

2
H0

)

(mν)ij = −λ5v20
16π2

∑

k

YNkiYNkj

mNk

[

log
m2

H0

m2
Nk

+ 1
]

. (57)

With respect to the standard tree-level seesaw model, which gives (mν)ij = − v20
2

YNkiYNkj

mNk

, this

”radiative seesaw” mechanism leads consequently to an extra suppression of the neutrino mass

by a factor
λ5v20
8π2 [log(m2

H0
/m2

Nk
) + 1] for each Nj contribution.

As for leptogenesis in this framework, it proceeds from the N → LH2, L̄H∗
2 , that is to say

in the same way as in the usual type-I seesaw model, replacing all ordinary Yukawa couplings
to a Higgs doublet by the inert doublet Yukawa couplings of Eq. (56), Fig. 9. For the lightest
right-handed neutrino N1 and mN2,3 >> mN1 this gives the CP-asymmetry

εN1 = −
∑

j=2,3

3

16π

mN1

mNj

∑

i Im[(YN1iY
†
Nij)

2]
∑

i |YN1i|2
(58)

It is the extra suppression above of the neutrino masses versus absence of any extra suppres-
sion of the CP-asymmetry which allows to lower the scale of leptogenesis, as we will now
show in details by deriving the various relevant bounds:

1. Leptogenesis and neutrino mass bounds on εN1 , mN1 and λ5. In full generality
in the type-I seesaw model, εN1 is bounded by the size of neutrino masses [86]

|εN1 | =
3

8π

mN1

v20

|Im[Trm1†
ν m2,3

ν ]|
m̃1

≤ 3

8π

mN1

v20
(mν3 −mν1) (59)

26

E. Ma

and     are odd under a     symmetryH2 Ni Z2    the lightest of these states is DM

   if the inert doublet is DM: successful leptogenesis at low scale without mass degeneracy

   if       is DM: successful leptogenesis from       decay N1 N2

TH, Ling, Lopez-Honorez, Rocher 09’

Borah, Mahanta 19’

Hugl, Platscher, Schmitz 18
Borah, Dev, Kumar 18

 other recent example of tree level or radiative     mass + DM (+ leptogenesis):⌫

Biswas, Choubey, Covi, Khan 18’, ….+ ~100 papers….,Bhattacharya, Ghosh, Saha, Sil 19’, Bhattacharya, Chakrabarty, Roshan, Sil 19’

See Anirban Biswas and Subhaditya Bhattacharya’ talks



keV sterile neutrino DM

production through mixing with active neutrinos: very squeezed scenario

production from decay of BSM scalar particle: more open possibility

a talk in itself

keV sterile neutrino Dark Matter Alexander Merle

Using the Lyman-a bound or the requirement of producing at least as many small haloes as we
observe dwarf galaxies, we can in fact obtain very stringent constraints on the different production
mechanisms. As can be seen from the plot, resonant production is in fact rather pushed by current
constraints, for the reasons explained in Sec. 3, while scalar decay production, Sec. 4, seems in
better shape. Note that, in both cases, the spectra closest to the cold DM limit have been chosen,
which is a rather conservative approach.
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Figure 2: Summary plot of current constraints and future experimental reaches.

The ways forward in this field should be clear from the plot. First and foremost, obviously,
if our data on cosmic structures and, related to that, our understanding of cosmic structure for-
mation in general improves, this may enable us to discriminate between different early Universe
production mechanisms. Of course, another direction that should be pushed for is to continue hunt-
ing for the smoking gun X-ray signature stemming from DM decay. While the hopes were high
for the Hitomi satellite, it was lost in 2016 through a chain of unfortunate events. Other searches
such as NuSTAR (pink) can improve the limits – however, due to many unknowns involved, one
must be careful not to overstate these advances (as, e.g., done in the first version of the NuSTAR
paper [16], which incorrectly stated that it would be closing in on the entire parameter space of
sterile neutrino DM, while in reality it only does so for resonant production). Finally, there are also
ground-based experiments trying to constrain active-sterile mixing. While several attempts such as
KATRIN/TRISTAN [17], ECHo [18], or DyNO [19] are on their way, they unfortunately do not
seem to be able to compete with astrophysical/cosmological limits.

Nevertheless, this field clearly offers both, sufficient parameter space available and means
to probe it – plus a well-motivated non-thermal DM candidate which may in particular strongly
impact on cosmic structure formation. We can be curious what the future holds for this field.
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Oscillations without    masses??    in a DM medium⌫ ⌫

propagating in a medium of ultralight DM particles

mDM ⇠ 10�3 eV

matter effect:

⌫

V↵� ' g⇤↵ig�i
4

⇢DM/m2
DM

2E⌫

H =

�m2

4E⌫

✓� cos 2✓ sin 2✓
sin 2✓ cos 2✓

◆
+

✓
Vµµ Vµ⌧

V ⇤
µ⌧ V⌧⌧

◆

E⌫ >>
m2

X

2mDM

mX . 100 eV

   same          dependence as 
for      mass contribution  

1/E⌫

⌫

one can fit     oscillations without     masses! ⌫ ⌫
still to be fitted by professional neutrino fitters

issues: UV completion, …., … ????

                      Sawyer 99’,Hung 00’, Berlin 16’, Berlin, Hooper 17’,
….., Pandey, Karmakar Rakshit 19’, 

       Gey, Murayama 19’, Choi, Chun, Kim 19’

implies     oscillations for     and      if DM asymmetric (to be tested)⌫ ⌫̄6=

2

where we introduced different flavors in the mediator φi

instead of the dark matter f for simplicity. This model
also leads to the same kind of medium potential with
me = mf and mW = mφi

.
The third model which is of our particular interest

has complex bosonic dark matter φ with mass mφ and
fermionic messenger fi with Dirac mass mf :

Lint = gαif̄iPLναφ
∗ + h.c. (5)

which generates the medium potential as well as correc-
tions to the neutrino mass as we will see later.
For all the cases, we will use the unified notations of

mDM for the dark matter mass, ρDM = mDM (NDM +
NDM ) for the total dark matter energy density, and

ϵ ≡
NDM −NDM

NDM +NDM

, (6)

for the asymmetry between the dark matter and anti-
dark matter number densities.

General formulation: Neutrino/anti-neutrino propaga-
tion in a medium can be described by the following min-
imal form of the equations of motion in the momentum
space:

(/p− /Σ)uL = (M † + Σ̄0)uR,

(/p− Σ̄/)uR = (M + Σ0)uL,
(7)

where M is the symmetric (Majorana) neutrino mass
matrix; /Σ ≡ Σµγµ, Σ̄/ ≡ Σ̄µγµ, Σ0, and Σ̄0 are corrections
coming from the effect of coherent forward scattering of
neutrinos/anti-neutrinos within medium. Here Σµ, Σ̄µ

are hermitian matrices. Note that we used uL and uR to
represent the neutrino and anti-neutrino state, respec-
tively. Equivalently one may use vL for the anti-neutrino
state using the relation: ūR = −vTLC and uR = Cv̄TL
where C = −iγ2γ0 is the charge-conjugation matrix.
In a Lorenz invariant medium, Σ/ and Σ̄/ can be ex-

pressed by

Σ/ = p/Σ1 + k/Σ2; Σ̄/ = p/ Σ̄1 + k/ Σ̄2, (8)

where k is the energy-momentum of the dark matter
which we will take (k0, k⃗) = (k0, 0⃗) corresponding to av-
eraging over random momentum distribution, and k0 be-
comes the dark matter mass mDM in the non-relativistic
medium. The scalar terms Σ0/Σ̄0 appear in some situ-
ations [3–5, 10, 12, 13, 18], which will not be discussed
further in this article.

Recall that the SM matter effect contributes to the vec-
tor current terms Σ2/Σ̄2. Similar terms are generated in
the models in Eqs. (3,4,5) and thus a medium potential
similar to the standard matter potential Eq. (1) is pro-
duced. On the other hand, the correction to the neutrino
kinetic term, Σ1/Σ̄1, arises only in Eq. (5).

FIG. 2: Feynman diagrams for the scattering of neutrino
and complex scalar dark matter mediated by a fermion in the
scenario of Eq. (5).

The canonical basis of the kinetic term can be recov-
ered by the transformation

uL ≃
(

1 +
Σ1

2

)

ũL,

uR ≃
(

1 +
Σ̄1

2

)

ũR,

(9)

in the leading order of Σ/Σ̄. This leads to the medium-
dressed neutrino mass matrix

M̃ ≃
(

1 +
Σ̄1

2

)

M

(

1 +
Σ1

2

)

, (10)

and thus we obtain

(/p− /kΣ2)ũL = M̃ †ũR,

(/p− /kΣ̄2)ũR = M̃ũL.
(11)

This takes the same form as in the case of the SM matter
effect and thus one obtains neutrino/anti-neutrino prop-
agation Hamiltonians

Hν = Eν +
M̃ †M̃

2Eν
+ k0Σ2, (12)

Hν̄ = Eν +
M̃M̃ †

2Eν
+ k0Σ̄2, (13)

in the ultra-relativisitc limit: |p⃗ν | ≈ Eν .
In the case of the model in Eq. (5), the calculation of

the s and u channel diagrams in Fig. 2 for the forward
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where the coupling matrix λ is defined by λαβ ≡ g∗αigβi/2
for the transition νβ → να and the same mass mX is as-
sumed for the mediators fi, and mDM = mφ is the dark
matter mass. From the expression (14), one can find a
remarkable property that the meduim mass matrix M̃
becomes symmetric only for the symmetric dark matter
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Short Summary

    masses: - best evidence for BSM we have

⌫

    - strong indication for GUT: alive and well

   Leptogenesis: - works impressively well at GUT scale too 
- interesting possibilities at low scale

    Many links between DM and     physics:
- interplay of DM direct detection    floor and NSI⌫

- observation of boosted DM in     detectors⌫

- (keV sterile neutrino DM)
- DM medium induced oscillations

- (PeV events: non-thermal DM decay?)

  further IceCube improvements to be expected in a few months

- neutrino line smoking gun search fully competitive

 models leading to neutrino line flux sensitivity do exist

⌫
- origin difficult to probe but clear possibilities exist 
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where the momentum and statistical factor are l =
p � k � q, B = 1 + fH � fL for RH neutrino decay,
and l = q � k � p, B = fH + fL for H decay (with
fX the corresponding Bose-Einstein or Fermi-Dirac dis-
tribution), and d⇧ denoting the phase-space integration.
Thus, L⇢ for both decays are as given in Appendix D of
[13] except that for H decay we find that the J

0

term in
~L⇢ in [13] must be multiplied by z2. Thus the asymmetry
(6) takes on the form
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The Boltzmann equations for the RH neutrino and the
lepton asymmetry, including the e↵ect of the processes
discussed above, are [5, 6, 9]
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where ⌘a ⌘ na/n� andHN is the Hubble rate at T = mN .
These equations take into account additional important
washout terms, which are active also when the decay pro-
cesses are kinematically forbidden. For them we adopt
the results and the notations of [9], where they are cal-
culated including the leading thermal e↵ects. The fi-
nal asymmetry produced in this way depends on 5 pa-
rameters: mN , I

1

, x, f and the e↵ective neutrino mass
em ⌘ v2(YNY †

N )
11

/mN .

II. LOWER BOUND ON mN FOR A
THERMALIZED N

At first sight one could believe that the Boltzmann
equations above do not lead to a lower bound on the mass
of the RH neutrino, since the lower is mN , the larger is
the phase space available for theH ! NL decay to occur.
However, there exists one. Here, the out-of-equilibrium
Sakharov condition is not realized as usual from the fact
that the decaying particle is not in thermal equilibrium
(here it is) but from the fact that the RH neutrino in the
decay product is not. Thus, for mN < Tsph, the lower
mN , the more N is in thermal equilibrium at T > Tsph,
the less successful is leptogenesis.

Starting from a RH neutrino initially in equilibrium,
Fig. 3 shows the results we get from solving the Boltz-
mann equations (11)-(12), by taking ✏CP = 100,�1,�2,...

when one of the two decay processes is kinematically
allowed, zero otherwise. Taking the maximal CP-
asymmetry ✏CP = 1/2⇥2, (the factor of 2 is to take into
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FIG. 3: Logarithm base 10 of the asymmetry ✏CP needed
to obtain successful leptogenesis, with the RH neutrinos ini-
tially at thermal equilibrium. We also plot the relevant ex-
isting bounds (solid lines) and projected sensitivities of the
SHiP [16] and FCC-ee [17] experiments (dashed lines). The
area below the thick blue line requires values of ✏CP which
are not reachable for such low mN .

account the fact that such a maximal CP asymmetry is
obtained in the quasi-degenerate case together with a sec-
ond RH neutrino), we obtain the bound mN > 0.2GeV.
Of course one could wonder if this bound can be sat-

urated, i.e. if taking ✏CP = 1/2 can be justified. Al-
though ✏CP (z) = 1/2 cannot be satisfied at all tem-
peratures, see (10), since the bound occurs for em much
larger than the usual thermal-equilibrium critical value

em⇤ = 8⇡1.66 g1/2⇤ v2/mPL ' 2.15meV, the asymmetry in
this case depends mostly on ✏CP at temperatures close to
T
sph

. Thus, we find that taking ✏CP = const can be jus-
tified in a large portion of the parameter space in Fig. 3.
However, this is not fully the case for the low-mN region.
The full asymmetry of Eq. (10) (including in particular
the I

1

factor) turns out to be maximized for f ' 1. For
such values of f , since �(z ⌧ 1) ⇡ 50, for mN < 10GeV
the thermal-mass contribution in the denominator of (10)
are important. Thus, for T close to Tsph, the asymmetry
is maximized for x ⇠ ⇡fT 2

sph/(4m
2

N ), which gives

✏CP .

4

⇡

50m2

N

f T 2

sph

. (13)

This excludes the area below the thick blue line in Fig. 3,
yielding to a bound one order of magnitude stronger

mN > 2GeV . (14)

This bound can be compared to the much larger one
that we get by considering only N ! LH decays, which
turns out to be mN > 50GeV (as one could approxi-
mately guess from Fig. 1). Note also that possible flavor
e↵ects, disregarded above, do not sizeably change this

          Results for the case where the N have thermalized

if     thermalized by large        Yukawas or other interaction (e.g. a      ) before
an asymmetry is produced
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. Thus, we find that taking ✏CP = const can be jus-
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the I
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factor) turns out to be maximized for f ' 1. For
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the thermal-mass contribution in the denominator of (10)
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More details about minimal models for nu-lines



                     muon track:

poor energy resolut. unless fully contained

                     cascade events:

not so good ang. resol.:

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

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

⇠ 15%good energy resolut.:good angular resolut.:
⇠ 10� � 15�

⇠ 0.2� � 1�

OK to see the galactic center for good for galactic center events
starting inside events

�
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Fig. 7 The final limits without systematic uncertainties (solid line), compared to the sensitivity (dashed line). Showing the
1� (green band) and 2� (yellow band) statistical uncertainty for dark matter self-annihilating through the W+W� channel
to neutrinos assuming a NFW (Burkert) halo profile on the left (right) plot.
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Fig. 8 Comparison of upper limits on h�
A

vi versus WIMP
mass, for dark matter self-annihilating through ⌧+⌧� to neu-
trinos, assuming the NFW profile. This work (IC86 (2012-
14)) is compared to other published searches from IceCube
[28, 38–40] and ANTARES [41]. Also shown are upper lim-
its from gamma-ray searches from the dwarf galaxy Segue 1
(Seg1) by FermiLAT+MAGIC [42] and from the galactic cen-
ter by H.E.S.S. [43]. The ‘natural scale’ refers to the value of
h�

A

vi that is needed for WIMPs to be a thermal relic [44].

presented in this paper sets the best limits of a neutrino
experiment on WIMP self-annihilation in the galactic
center for WIMPs with masses between 10 and 100 GeV
annihilating to ⌧+⌧�.

9 Conclusions

This analysis demonstrates the continued improvements
in dark matter searches with neutrinos, providing a

valuable complement to the bounds from Cherenkov
telescopes and gamma-ray satellites. A more inclusive
event selection and the use of an improved event re-
construction algorithm have increased the sensitivity of
IceCube to the signal of dark matter self-annihilation.
However, no significant excess above the expected back-
ground has been observed in 3 years of Icecube/DeepCore
data. Upper limits have been put on h�Avi providing
the leading limits on WIMPs with a mass between 10-
100 GeV for a neutrino observatory.
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Figure 2: The number of events as a function of the distance to the Galactic
Centre (crosses) in comparison to the background estimate (red line) for the
ΛFit reconstruction. For this plot a quality cut of Λ > −5.2 is used.
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Figure 3: 90% C.L. upper limits on the neutrino flux from WIMP annihilations
in the Milky Way as a function of the WIMP masses for the different channels
considered. For this plot the NFW profile was used.

From the limits on the neutrino flux, limits on ⟨σv⟩ can be
derived. The 90% C.L. upper limit on ⟨σv⟩ for the τ+τ− channel
as a function of the WIMP mass is shown in Figure 4, compared
with limits obtained by other indirect searches. Most of the
direct search experiments are not directly sensitive to ⟨σv⟩. The
limits for all annihilation channels for the NFW halo profile are
shown in Figure 5.

The IceCube results presented in Figure 4 (using tracks
only [32] and using cascades as well [33]) refer to the same
channel and the same halo model, therefore the difference be-
tween the limits is due to the detector performance, position and
integrated live time. The centre of the Milky Way is above the
horizon of the IceCube detector and consequently the neutrino
candidates correspond to downgoing events. To select neutrino
candidates in the analyses of IceCube a veto for tracks starting
outside the central part of the detector has to be used, which
reduces the acceptance. This, in addition to the better angular
resolution of ANTARES and the larger integrated live time in
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Figure 4: 90% C.L. limits on the thermally averaged annihilation cross–section,
⟨σv⟩, as a function of the WIMP mass in comparison to the limits from other
experiments [32, 33, 34, 35, 36]. The results from IceCube and ANTARES
were obtained with the NFW profile.

this analysis, explains the difference between the limits.
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Figure 5: 90% C.L. limits on the thermally averaged annihilation cross–section,
⟨σv⟩, as a function of the WIMP mass for all annihilation channels using the
NFW halo profile.

For the analysis by H.E.S.S. a different set of halo parameter
values is used, leading to a more extended source. The results
of FERMI and MAGIC are based on dwarf spheroidal galaxies
and use the bb̄ annihilation channel. Results from direct de-
tection experiments are not shown since these experiments are
typically not sensitive to ⟨σv⟩.

This result allows to partly constrain models where the
extraterrestrial neutrinos observed by IceCube are partly ex-
plained in terms of annihilating dark matter candidates [37].
For WIMP masses above 100 GeV

c2 the limitations from partial-
wave unitarity [38] will become relevant, although there is an
approach to overcome these limitations [39].

In order to illustrate the large effect of the choice of the halo
model and the profile parameters, a comparison between upper
limits derived using the NFW, the Burkert and the McMillan
results is shown in Figure 6 for the τ+τ− channel. As can be

5

other annihilation channels:
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b b̄

⌫ ⌫̄
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Fig. 7 The final limits without systematic uncertainties (solid line), compared to the sensitivity (dashed line). Showing the
1� (green band) and 2� (yellow band) statistical uncertainty for dark matter self-annihilating through the W+W� channel
to neutrinos assuming a NFW (Burkert) halo profile on the left (right) plot.
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presented in this paper sets the best limits of a neutrino
experiment on WIMP self-annihilation in the galactic
center for WIMPs with masses between 10 and 100 GeV
annihilating to ⌧+⌧�.

9 Conclusions

This analysis demonstrates the continued improvements
in dark matter searches with neutrinos, providing a

valuable complement to the bounds from Cherenkov
telescopes and gamma-ray satellites. A more inclusive
event selection and the use of an improved event re-
construction algorithm have increased the sensitivity of
IceCube to the signal of dark matter self-annihilation.
However, no significant excess above the expected back-
ground has been observed in 3 years of Icecube/DeepCore
data. Upper limits have been put on h�Avi providing
the leading limits on WIMPs with a mass between 10-
100 GeV for a neutrino observatory.
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Figure 3: 90% C.L. upper limits on the neutrino flux from WIMP annihilations
in the Milky Way as a function of the WIMP masses for the different channels
considered. For this plot the NFW profile was used.

From the limits on the neutrino flux, limits on ⟨σv⟩ can be
derived. The 90% C.L. upper limit on ⟨σv⟩ for the τ+τ− channel
as a function of the WIMP mass is shown in Figure 4, compared
with limits obtained by other indirect searches. Most of the
direct search experiments are not directly sensitive to ⟨σv⟩. The
limits for all annihilation channels for the NFW halo profile are
shown in Figure 5.

The IceCube results presented in Figure 4 (using tracks
only [32] and using cascades as well [33]) refer to the same
channel and the same halo model, therefore the difference be-
tween the limits is due to the detector performance, position and
integrated live time. The centre of the Milky Way is above the
horizon of the IceCube detector and consequently the neutrino
candidates correspond to downgoing events. To select neutrino
candidates in the analyses of IceCube a veto for tracks starting
outside the central part of the detector has to be used, which
reduces the acceptance. This, in addition to the better angular
resolution of ANTARES and the larger integrated live time in
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For the analysis by H.E.S.S. a different set of halo parameter
values is used, leading to a more extended source. The results
of FERMI and MAGIC are based on dwarf spheroidal galaxies
and use the bb̄ annihilation channel. Results from direct de-
tection experiments are not shown since these experiments are
typically not sensitive to ⟨σv⟩.

This result allows to partly constrain models where the
extraterrestrial neutrinos observed by IceCube are partly ex-
plained in terms of annihilating dark matter candidates [37].
For WIMP masses above 100 GeV

c2 the limitations from partial-
wave unitarity [38] will become relevant, although there is an
approach to overcome these limitations [39].

In order to illustrate the large effect of the choice of the halo
model and the profile parameters, a comparison between upper
limits derived using the NFW, the Burkert and the McMillan
results is shown in Figure 6 for the τ+τ− channel. As can be
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presented in this paper sets the best limits of a neutrino
experiment on WIMP self-annihilation in the galactic
center for WIMPs with masses between 10 and 100 GeV
annihilating to ⌧+⌧�.

9 Conclusions

This analysis demonstrates the continued improvements
in dark matter searches with neutrinos, providing a

valuable complement to the bounds from Cherenkov
telescopes and gamma-ray satellites. A more inclusive
event selection and the use of an improved event re-
construction algorithm have increased the sensitivity of
IceCube to the signal of dark matter self-annihilation.
However, no significant excess above the expected back-
ground has been observed in 3 years of Icecube/DeepCore
data. Upper limits have been put on h�Avi providing
the leading limits on WIMPs with a mass between 10-
100 GeV for a neutrino observatory.
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From the limits on the neutrino flux, limits on ⟨σv⟩ can be
derived. The 90% C.L. upper limit on ⟨σv⟩ for the τ+τ− channel
as a function of the WIMP mass is shown in Figure 4, compared
with limits obtained by other indirect searches. Most of the
direct search experiments are not directly sensitive to ⟨σv⟩. The
limits for all annihilation channels for the NFW halo profile are
shown in Figure 5.

The IceCube results presented in Figure 4 (using tracks
only [32] and using cascades as well [33]) refer to the same
channel and the same halo model, therefore the difference be-
tween the limits is due to the detector performance, position and
integrated live time. The centre of the Milky Way is above the
horizon of the IceCube detector and consequently the neutrino
candidates correspond to downgoing events. To select neutrino
candidates in the analyses of IceCube a veto for tracks starting
outside the central part of the detector has to be used, which
reduces the acceptance. This, in addition to the better angular
resolution of ANTARES and the larger integrated live time in
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For the analysis by H.E.S.S. a different set of halo parameter
values is used, leading to a more extended source. The results
of FERMI and MAGIC are based on dwarf spheroidal galaxies
and use the bb̄ annihilation channel. Results from direct de-
tection experiments are not shown since these experiments are
typically not sensitive to ⟨σv⟩.

This result allows to partly constrain models where the
extraterrestrial neutrinos observed by IceCube are partly ex-
plained in terms of annihilating dark matter candidates [37].
For WIMP masses above 100 GeV

c2 the limitations from partial-
wave unitarity [38] will become relevant, although there is an
approach to overcome these limitations [39].

In order to illustrate the large effect of the choice of the halo
model and the profile parameters, a comparison between upper
limits derived using the NFW, the Burkert and the McMillan
results is shown in Figure 6 for the τ+τ− channel. As can be
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With more statistics but still without exploiting the sharp feature property: Icecube 2018

⌫Monochromatic flux of     from DM decay: experimental limits

IceCube 2018

                using a 2010-2012 public IceCube data sample: for DM decay: �DM!⌫+X



Probing the DM-Nucleon elastic cross section:     from the Sun⌫

DM accumulates in the center of the Sun from capture:     

                       as the amount of captured DM increases, DM annihilates more and 
                          more into SM particles leading to a    flux, until both rates equilibrate 

                            each other and the amount of DM in the Sun doesn’t change anymore 
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FIG. 1: Upper limits at 90% CL on the spin-dependent (left) and spin-independent (right) WIMP-proton cross section as a
function of WIMP mass. Limits from IceCube [51], Super-K [52], ANTARES [53], Baikal [54] and Baksan [55] are shown. Full
lines refer to limits on the ⌧+⌧� annihilation channel and dashed lines to the bb̄ channel. Direct search results from PICO [56]
and LUX [57], and tentative signal regions [58–60] (gray-shaded areas) are included for comparison. The brown-shaded region
indicates the parameter space from a 25-parameter MSSM scan [61].

primordial density fluctuations, which in turn attract
atomic gas, seeding the formation of galaxies [67]. This
scenario favours cold (or warm) dark matter over a rela-
tivistic species, since in the latter case the formation of
large-scale structures would have been suppressed and we
would not recover the observed universe. But, in order to
predict the rate of annihilation of dark matter particles in
galactic halos, the precise size and shape of the halo is of
paramount importance. There is still some controversy
on how dark halos evolve and which shape do they have,
which is reflected in the di↵erent parametrizations of the
dark matter density around visible galaxies that are com-
monly used in the literature: the Navarro-Frenk-White
(NFW) profile [68], the Kravtsov profile [69], the Moore
profile [70] and the Burkert [71] profile being the most
popular ones. The common feature of these profiles is a
denser spherically symmetric region of dark matter in the
center of the galaxy, with decreasing density as the radial
distance to the center increases. Where they diverge is in
the predicted shape of the central region. Simulations of
galaxy formation and evolution are very time consuming
and complex in nature, and have not been determinant in
settling the issue. Profiles obtained from N-body simula-
tions tend to predict a steep power-law type behaviour of
the dark matter component in the inner parts of the halo,
while profiles based on observational data (stellar veloc-
ity fields) tend to favour a constant dark matter density
near the core of the galaxies. This is the core-cusp prob-
lem [72], and it is an unresolved issue which a↵ects the
signal prediction from dark matter annihilations in neu-
trino telescopes. A general parametrization of the dark
halo in galaxies can be found in [73, 74]. Note that the
shape of the dark halo can depend on the local character-

istics of any given galaxy, like the size of the galaxy [75]
or on its evolution history [76, 77].

The shape of the dark matter halo is important because
the expected annihilation signal depends on the line-of-
sight (l.o.s.) integral from the observation point (the
Earth) to the source, and involves an integration over the
squared of the dark matter density. This is included in
the so-called J-factor [74, 78], which is galaxy-dependent,
and absorbs all the assumptions on the shape of the spe-
cific halo being considered. In the case of our Galaxy,
the expected signal from the Galactic Center using one
halo parametrization or another can di↵er by orders of
magnitude depending on the halo model used (see e.g.
figure 1 in [74]).

The di↵erential neutrino flux from dark matter anni-
hilation from a given galaxy, d�⌫/dE, depends on the
candidate dark matter mass, mWIMP, the neutrino energy
spectrum, dN⌫/dE, the thermally averaged product of
the self-annihilation cross-section, �

A

, times the WIMP
velocity, v, and the J-factor, J

 

,

d�⌫

dE
=

1

2

h�
A

vi
4⇡m2

WIMP

J
 

dN⌫

dE
(3)

While a consensus on the distribution and shape of
the dark halos in galaxies is achieved, neutrino telescopes
usually present their results for a few benchmark halos.
In this way the e↵ect of di↵erent halo assumptions is fac-
torized from other uncertainties, like detector systematics
or the choice of the underlying particle physics model.

spin independent elastic cross section case

neutrino detector limits: DM direct detection limits:
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FIG. 2. Top: AP distributions for AmBe and 252Cf neu-
tron calibration data (black) and WIMP search data (red) at
3.3 keV threshold. Bottom: AP and NN score for the same
dataset. The acceptance region for nuclear recoil candidates,
defined before WIMP search acoustic data unmasking using
neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
larger acoustic signals.

to be 0.25 ± 0.09 (0.96 ± 0.34) single(multiple)-bubble
events. PICO-60 was exposed to a 1 mCi 133Ba source
both before and after the WIMP search data, which,
compared against a Geant4 [21] Monte Carlo simulation,
gives a measured nucleation efficiency for electron recoil
events above 3.3 keV of (1.80 ± 0.38)×10−10. Combin-
ing this with a Monte Carlo simulation of the external
gamma flux from [16, 22], we predict 0.026± 0.007 events
due to electron recoils in the WIMP search exposure. The
background from coherent scattering of 8B solar neutri-
nos is calculated to be 0.055 ± 0.007 events.

We use the same shapes of the nucleation efficiency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% difference in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the follow-
ing parameters: ρD=0.3 GeV c−2 cm−3, vesc = 544 km/s,
vEarth = 232 km/s, and vo = 220 km/s. We use the effec-
tive field theory treatment and nuclear form factors de-
scribed in Refs. [24–27] to determine sensitivity to both
spin-dependent and spin-independent dark matter inter-
actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
of the Σ′ and Σ′′ terms from the same table. To im-
plement these interactions and form factors, we use the
publicly available dmdd code package [27, 28]. The calcu-
lated Poisson upper limits at the 90% C.L. for the spin-
dependent WIMP-proton and spin-independent WIMP-
nucleon elastic scattering cross-sections, as a function of
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to τ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 × 10−41 cm2 for a
30 GeV c−2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
effective spin-dependent WIMP-neutron and WIMP-
proton couplings an and ap that are calculated according
to the method proposed in Ref. [29]. The expectation
values for the proton and neutron spins for the 19F nu-
cleus are taken from Ref. [24]. The allowed region in
the an − ap plane is shown for a 50 GeV c−2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on an and ap, in complementarity with other
dark matter search experiments that are more sensitive
to the WIMP-neutron coupling.

The LHC has significant sensitivity to dark matter,
but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. Despite this subtlety, the convention has
been to show LHC limits alongside more general direct

spin dependent elastic cross section case

SuperKamiokande IceCube
⌧+⌧� ⌧+⌧�



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 1: annihilation must proceed through s-wave    not to be suppressed by 
velocity powers today 

for the                          channel this excludes all scalar andDM DM ! ⌫ ⌫̄

DM DM ! ⌫ ⌫

Majorana DM models
but leaves open many possibilities in the                         channel



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 2: direct detection constraint:
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example: inert doublet DM:
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Figure 3: Neutrino-mass diagrams at one loop induced by annihilations of doublet DM. The dia-
grams of the first row are finite. Those of the second row diverge and renormalize the tree-level
process of Fig. 2
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non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]
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example: model     : a          fermion DM triplet  + a scalar doublet mediatorF2 Y = 0
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Figure 4: The DM annihilation cross section into neutrinos of all flavors (black) for models F
1

(top)
and F

2

(bottom) as a function of the DM mass. For these models, the cross sections into charged
lepton are given by the same curves. For model F

1

, we also show the cross section into only one
flavor (gray). The parameters indicated in the upper left corners have been used to calculate the
coupling (top axis) that leads to the observed relic density according to Eq. (A20) or (A19). The
purple region corresponds to Q↵D > 1 or y2 > 4⇡. Left panel: annihilations in the Milky Way,
assuming a DM relative velocity of v ⇡ 2⇥10�3c. We show the most stringent limits from IceCube
and Antares data (see Fig. 1). The limits for charged leptons are from HESS [4] and correspond to
ten years of observation of the galactic center. All the cross sections and experimental limits are
given for a NFW profile. The unitarity limit is the classical result from Ref. [26]. Right panel: Same
as the left panel, but for dwarf galaxies for which we assume v ⇡ 10�5c. The limits on charged
leptons consist of a combination of MAGIC and Fermi-LAT observations of dwarf galaxies [27] .
All the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM instead of the usual self-conjugate DM.

Unless one lies around a peak, the cross sections reported in Fig. 4 are typically below
the present neutrino-telescope limits. In fact, these cross sections could reasonably be
probed in the future by them.

However, one must still check whether these two models do not lead to too large
fluxes of cosmic rays. The strongest cosmic-ray constraint is associated to charged

�⌫⌫̄ = �l+l�

constraint 4

charged lepton 
flux constraint

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

discrimination of the models

El Aisati, Garcia-Cely,
   T.H., Vanderheyden ‘17



-line flavor composition⌫

further possibility of model discrimination 

neutrinos are produced as mass eigenstates

example: model      : real scalar DM from doublet + scalar            triplet mediatorSr
1 Y = 2

a type-II seesaw state
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Figure 9: Flavor composition of the neutrino lines in the detector for the di↵erent models under
consideration in this work. In the case of model Sr

1

, the flavor composition depends on the neutrino
parameters that we take from Ref. [35] at 3� (1�) in blue (green). In addition, the blue-color
gradient refers to the mass of the lightest neutrino (the darker the color, the lighter the mass).

detector that neutrinos of astrophysical origin can also give. On the contrary, in the case
of normal hierarchy, the flavor composition does not mimic astrophysical neutrinos in most
cases. All this discussion is completely analogous to the case of a majoron decaying into
neutrinos, as recently studied in Ref. [36].

VII. BEYOND THE BASIC PICTURE

So far, to determine the list of models that could lead to a large emission of monochromatic
neutrinos today, we have made a series of standard minimal assumptions on the structure
of the DM model, see (i)–(iii) in Section III. In this section we discuss how, by relaxing
these assumptions—that is to say by complicating the DM scenario—one could enlarge the
possibilities of having an observable flux.

A. Beyond triplets

In the basic setup considered above, assumption (ii) allows for DM and mediator multi-
plets up to triplets. It is not di�cult to generalize this to higher representations. In Table I,
any DM or mediator that transforms as a doublet can be replaced by a 4-plet, 6-plet, etc.

flavour flux composition outside oscillation region

El Aisati, Garcia-Cely, TH, Vanderheyden ‘17
Garcia-Cely, Heeck ‘16



-line cross section results including Sommerfeld effect⌫

other example: model     : a          fermion DM singlet  + a scalar doublet med.Y = 0
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Figure 7: DM annihilation cross section into neutrinos of all flavors for model F
4

as a function of
the DM mass and the coupling inducing the Sommerfeld e↵ect. For these models, this cross section
also gives the total annihilation cross section into charged leptons. This cross section is here given
for an annihilations in the Milky Way, assuming a DM relative velocity of v ⇡ 2 ⇥ 10�3c. The
blue dotted (dashed) lines are the limits for µ+µ� (⌧+⌧�) final states from HESS [4] under the
assumption of a NFW profile and correspond to ten years of observation of the galactic center. All
the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM.

B. Models S
1

and S
2

As discussed in Section III, models S
1

and S
2

lead to annihilation cross sections that are
suppressed by powers of v

EW

/m
DM

. Therefore, they are viable models for neutrino lines
only below the TeV scale. These models, as Sr

1

and Fm
1

, have the interesting property of
not leading to an equal production of charged leptons and neutrinos. For models S

1

and S
2

,
this is in in fact a necessary condition because, as already said above, charged-lepton limits
at low scales reach sensitivities that neutrino telescopes will not reach before long.

At such low masses, the electroweak Sommerfeld e↵ect does not take place, even for
model S

2

whose DM candidate belongs to a SU(2)L triplet. Thus, as for models F
3,4, an

additional light mediator is required to induce the Sommerfeld e↵ect. Such a mediator can
be a scalar or a vector boson. In both cases, DM annihilations into the mediator proceed via
the s-wave and they must therefore be considered at freeze-out and in DM halos. Moreover,
if the mediator dominantly decayed into charged fermions or photons, the annihilation into
monochromatic neutrinos would not be the prime signature of these scenarios.

El Aisati, Garcia-Cely, 
   T.H., Vanderheyden ‘17
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FIG. 2: Elastic scattering of Dirac DM (left) and Majorana DM (right) coupled to a scalar mediator in the m��m
DM

plane for
g = 1. Different regions are constrained by: the collisional damping limit (dashed region and black line along the diagonal up to
the orange dot), a conservative bound from the antineutrino flux at Borexino [61] (in yellow), our analysis at SuperKamiokande
(SK) described in Section IID (in red), the analysis done in Ref. [1] using results from SK, Fréjus and Amanda (in green), and
the analysis done by the SK collaboration for GeV neutrinos produced at the galactic centre [52] (in purple). The parameters
that give rise to the right relic abundance (brown line) are shown as a reference. The dashed line refers to the DM mass upper
bound derived from N

e↵

in [48, 51] as discussed in Section II C.

2. Fermion DM and scalar mediator

Most of the scenarios listed in this section predict a similar phenomenology. For illustration purposes, we shall
focus on fermion DM particles coupled to a scalar mediator. However, the discussion below can be easily extended to
other scenarios.

The corresponding Lagrangian is given by

L
int

� � g ��

R

⌫

L

+ h.c. , (8)

where � is the DM and can be either a Dirac or Majorana particle. Since the neutrino is a member of an SU(2)

doublet, one can consider two minimal extensions of the SM which include such a coupling. First, �

R

can be
promoted to a SU(2) doublet like in supersymmetric models [66] or supersymmetry-inspired models [25]. This would
constrain the DM mass to be heavier than few GeVs or even few TeVs in the presence of co-annihilations [67, 68].
Second, we can assume �

R

to be a singlet and the scalar � a SU(2) doublet like in inert doublet models [69]. This
would also imply that the DM necessarily interacts with charged leptons, a scenario which is strongly constrained
by cosmological observations, astrophysics and particle physics experiments [70]. Therefore, such interactions would
need to be suppressed, for instance by a very heavy charged mediator [25, 71].

In order to consider masses below the 100 GeV scale for the DM and the mediator, both fields need to be singlets.
The required coupling in Eq. (8) can then be generated via mixing with extra scalar or fermion doublets. If the
mixing occurs via an extra fermion doublet R, the strongest constraints arise from lepton flavour violating processes
at one loop and from measurements of the anomalous magnetic moments of the electron and the muon [23, 25, 72].
On the other hand, if one introduces another scalar doublet, ⌘, that mixes with the scalar DM singlet, �, there are
tight, though model-dependent, constraints in the effective DM-⌫ coupling from the requirement that 2 ! 2 scalar
processes must be unitary [73].

a. Annihilation cross section. Dirac particles annihilate via a constant cross section while the cross section is
v

2-dependent for Majorana particles. Nevertheless, both models can explain the observed DM abundance if the value
of their annihilation cross section is of the order of h�v

r

i ' 3⇥10

�26

cm

3

/s and h�v
r

i ' 6⇥10

�26

cm

3

/s, respectively,
represented by the brown lines in Fig. 2. For the parameters below that line, the annihilation cross section is larger than
the thermal value. Hence, �’s cannot constitute all the DM unless one invokes a different production mechanism,
such as the decay of an unstable heavy particle (see Ref. [74] for a recent review of non-thermal DM production
mechanisms) or a regeneration mechanism [75]. In contrast, configurations above the brown line over-predict the DM

12

Fig. 7 Limits on σ SD
χ−p, compared to results from other neutrino detectors and direct detection experiments [34–37]. The IceCube limits have been

scaled up to the upper edge of the total systematic uncertainty band. The colored points correspond to models from a scan of the pMSSM described
in Section 7 and are shown color coded by the ‘hardness’ of the resultant neutrino spectrum. Points close to the red end of the spectrum annihilate
predominantly into harder channels such as τ+τ−and can hence be excluded by the IceCube red line.

Fig. 8 Limits on σ SI
χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.



7

!"
#$

!"
#%

!"
#&

!"
#'

!"
#(

!"
)

!"
*

!"
$

!"
%

!"
&

+
,-
./
,0
.1
213
45
!!
"
!#
67
1$
18
9:

;!18<.=:

>?,91@A@BC9,9
DE.FGH.1IJK15#"!!7

L.40,!+M>1MNO15#"!#7
P90@,B,1./1@BQ15#"!#7

IM;P+M1K@/@1OFMI15#"!)7

K.E@C1!!"!#6

FIG. 4: Left: Estimated energy deposited in the detector of the 4-year sample of ultra-high energetic IceCube events [88].
Right: Limit on the lifetime of a super-heavy dark matter candidate derived using the high-energy neutrino flux observed by
IceCube (red line), compared to the previous experimental constraints from IceCube [97], Fermi-LAT [98], PAMELA [99] and
derived limits from neutrino data [100]. Excluded are regions below the pictured lines. Figure from [93].

WIMP mass range and annihilation channels covered by
all these experiments. It is just left to Nature to reveal
what solution she has chosen as dark matter.
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the intriguing features are generic  

τDM = (1-3) x 1027 s
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IceCube 4 years

IceCube data

4 years of data

� Looking for lower energy contained events, 1347 days livetime
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IceCube PeV events: decay of PeV DM particle?
for such a high mass DM is non-thermal

not much clear : need for more data 


