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The key question 

•  Can we “predict” the DM mass given the neutrino 

mass? 



Outline 

•  Brief discussion on evidences of the neutrino mass and the DM 

existence 

•  Effective Lagrangian to connect the DM and neutrino mass 

•  A UV-complete toy model  

•  Conclusions and outlook 
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I. INTRODUCTION

Atmospheric neutrinos are produced from the decays of
particles resulting from interactions of cosmic rays with
Earth’s atmosphere. We have previously reported the results
of a number of atmospheric neutrino observations spanning
energies from 100 MeV to 10 TeV [1, 2, 3, 4]. In each case, a
significant zenith-angle dependent deficit of νµ was observed.
These deficits have been interpreted as evidence for neutrinos
oscillations [5]. If neutrinos have a non-zero mass, then the
probability that a neutrino of energy Eν produced in a weak
flavor eigenstate να will be observed in eigenstate νβ after
traveling a distance L through the vacuum is:

P(να → νβ) = sin2 2θsin2
!1.27∆m2(eV2)L(km)

Eν(GeV)

"

, (1)

where θ is the mixing angle between the mass eigenstates
and the weak eigenstates and ∆m2 is the difference of the
squared mass eigenvalues. This equation is valid in the 2-
flavor approximation. The analysis reported in this paper is
under the assumption of effective 2-flavor neutrino oscilla-
tions, νµ ↔ ντ, which is considered to be dominant in atmo-
spheric neutrino oscillations. Equation 1 is also true in matter
for νµ↔ ντ, but may be modified for oscillation involving νe
which travel through matter. The zenith angle dependence of
the observed deficits results from the variation of L with the
direction of the neutrino. Neutrinos produced directly over-
head travel roughly 15 km to the detector while those pro-
duced directly below traverse the full diameter of the Earth
(13,000 km) before reaching the detector. By measuring the
neutrino event rate over these wide ranges of Eν and L, we
have measured the neutrino oscillation parameters ∆m2 and
sin2 2θ.
Super-Kamiokande (also Super-K or SK) is a 50-kiloton

water Cherenkov detector located deep underground in Gifu
Prefecture, Japan. Atmospheric neutrinos are observed in
Super–K in two ways. At the lowest energies, 100 MeV –
10 GeV, atmospheric neutrinos are observed via their charged-
current interactions with nuclei in the 22.5 kiloton water fidu-
cial mass: ν+N → l+ X . These interactions are classified
as fully-contained (FC) if all of the energy is deposited inside
the inner Super–K detector, or as partially-contained (PC) if a
high energy muon exits the inner detector, depositing energy
in the outer veto region. The neutrino energies that produce
partially-contained events are typically 10 times higher than
those that produce fully-contained events. The Super-K detec-
tor started observation on April, 1996 achieving a 92 kiloton-
yr (1489 live-day) exposure to atmospheric neutrinos through
July, 2001 during the Super-Kamiokande I running period.
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FIG. 1: The parent neutrino energy distributions for the fully-
contained, partially-contained, upward stopping-muon and upward
through-going muons samples. Rates for the fully-contained and
partially-contained samples are for interactions in the 22.5 kiloton
fiducial volume. Taken together, the samples span five decades in
neutrino energy.

Neutrinos can also be detected by their interactions with
the rock surrounding the detector. Charged-current νµ in-
teractions with the rock produce high energy muons which
intersect the detector. While these interactions can not be
distinguished from the constant rain of cosmic ray muons
traveling in the downward direction, muons traveling in an
upward direction through the detector must be neutrino in-
duced. Upward-goingmuon events are separated into two cat-
egories: those that come to rest in the detector (upward stop-
ping muons) and those that traverse the entire detector volume
(upward through-goingmuons). The energies of the neutrinos
which produce stopping muons are roughly the same as for
partially-contained events, ∼ 10 GeV. Upward through-going
events, however, are significantly more energetic; the parent
neutrino energy for these events is about 100 GeV on average.
Figure 1 shows the expected number of neutrino events in

each event category as a function of neutrino energy. The
samples taken together span nearly five decades in energy.
This broad range of available energies, in combination with
the variation in neutrino travel distance, makes the combined
data sample well suited for a precise measurement of neutrino
oscillation parameters.
There have been numerous other measurements of atmo-

spheric neutrinos. Kamiokande [6, 7], IMB [8, 9] and
Soudan 2 [10, 11] observed significantly smaller νµ to νe flux
ratios of ∼ 1 GeV atmospheric neutrinos, which were inter-
preted as a signature for neutrino oscillation. The ratio was
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit The
CMB spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground
components. This spectrum is averaged over the frequency range 100–217 GHz using frequency-dependent di↵use sky cuts (retain-
ing 58% of the sky at 100 GHz and 37% of the sky at 143 and 217 GHz) and is sample-variance limited to ` ⇠ 1600. The light
grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width �` ⇡ 31 together
with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes contributions
from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM cosmology. The
lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the ±1� errors on the
individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the change in vertical
scale in the lower panel at ` = 50.
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𝛀DMh2=0.120 
 Planck(2013) 

Φe− ¼ Ce−E−γe− þ CsE−γse−E=Es ; ð2Þ

(with E in GeV). A fit of this model to the data with their
total errors (the quadratic sum of the statistical and
systematic errors) in the energy range from 1 to
500 GeV yields a χ2=d:f: ¼ 36.4=58 and the cutoff
parameter 1=Es ¼ 1.84% 0.58 TeV−1 with the other
parameters having similar values to those in [2],
Ceþ=Ce− ¼ 0.091% 0.001, Cs=Ce− ¼ 0.0061% 0.0009,
γe− − γeþ ¼ −0.56% 0.03, and γe− − γs ¼ 0.72% 0.04.
(The same model with no exponential cutoff parameter,
i.e., 1=Es set to 0, is excluded at the 99.9% C.L. when fit to
the data.) The resulting fit is shown in Fig. 4(b) as a solid
curve together with the 68% C.L. range of the fit param-
eters. No fine structures are observed in the data. In our
previous Letter, we reported that solar modulation has no
observable effect on our measured positron fraction, and
this continues to be the case.
An analysis of the arrival directions of positrons and

electrons was presented in [2]. The same analysis was
performed including the additional data. The positron to
electron ratio remains consistent with isotropy; the upper
limit on the amplitude of the dipole anisotropy is δ ≤ 0.030
at the 95% C. L. for energies above 16 GeV.
Following the publication of our first Letter [2], there

have been many interesting interpretations [3] with two
popular classes. In the first, the excess of eþ comes from
pulsars. In this case, after flattening out with energy, the
positron fraction will begin to slowly decrease and a dipole
anisotropy should be observed. In the second, the shape of
the positron fraction is due to dark matter collisions. In this
case, after flattening out, the fraction will decrease rapidly
with energy due to the finite and specific mass of the dark
matter particle, and no dipole anisotropy will be observed.
Over its lifetime, AMS will reach a dipole anisotropy
sensitivity of δ≃ 0.01 at the 95% C.L.

The new measurement shows a previously unobserved
behavior of the positron fraction. The origin of this
behavior can only be ascertained by continuing to collect
data up to the TeV region and by measuring the antiproton
to proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the 10.9 × 106 primary positron and

electron events collected by AMS on the ISS show that,
above ∼200 GeV, the positron fraction no longer exhibits
an increase with energy. This is a major change in the
behavior of the positron fraction.
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FIG. 3 (color). The positron fraction above 10 GeV, where it
begins to increase. The present measurement extends the energy
range to 500 GeV and demonstrates that, above ∼200 GeV, the
positron fraction is no longer increasing. Measurements from
PAMELA [21] (the horizontal blue line is their lower limit),
Fermi-LAT [22], and other experiments [17–20] are also shown. Energy [GeV]
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FIG. 4 (color). (a) The slope of the positron fraction vs energy
over the entire energy range (the values of the slope below 4 GeV
are off scale). The line is a logarithmic fit to the data above
30 GeV. (b) The positron fraction measured by AMS and the fit of
a minimal model (solid curve, see text) and the 68% C.L. range of
the fit parameters (shaded). For this fit, both the data and the
model are integrated over the bin width. The error bars are the
quadratic sum of the statistical and systematic uncertainties.
Horizontally, the points are placed at the center of each bin.
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Effective Lagrangian 

•  Here, we propose a very simple idea to connect the DM and 

neutrino mass. 

•  We start with an effective operator (Weyl-spinor notation) 

connecting the Majorana DM particle (𝜒) and the standard 

model (SM) neutrino (𝜈): 

 

•  As shown below, the scale 𝛬 is actually lower than the 

electroweak (EW) scale, which justifies explicit SU(2) breaking 

in the effective operator.     

 



Effective Lagrangian 

•  To realize this effective operator, one can involve a scalar ɸ 

which links DM to the SM sector: 

      

     Where L is the SM lepton doublet while H is the Higgs doublet. 

•  After integrating out ɸ, one obtain the effective DM-neutrino 

operator:  

•  The Lepton number (L) assignment is: L(𝜒)=-1, L(ɸ)=2 and 

L(L)=1 such that lepton is conserved in the effective Lagrangian. 



Effective Lagrangian 

•  In the context of effective language, the only lepton number 

violation (LNV) comes from the Majorana DM mass term: 

•  The DM mass could result from some hidden sector, which does 

not couple to the SM sector directly but only via DM. 

•  Therefore, one has a direct connect between the DM and 

neutrino mass because the neutrino Majorana mass term m𝜈𝜈𝜈 

requires LNV, which is zero if m𝜒=0. 



Effective Lagrangian 

•  By contracting two 𝜒s, the neutrino receives a radiative mass 

•  We use the dimensional regularization scheme with the modified 

minimum subtraction that can be justified if the underlying UV-

complete theory has exactly the same DM-loop diagram.  



Effective Lagrangian 

•  The DM-neutrino effective operator determines the DM 

annihilation cross section: 

 

•  There are two contributions from opposite chiralities 

 

•  The interference between opposite chiralities is nearly zero due 

to the very small neutrino mass.   



Effective Lagrangian 

Ø  There are two unknown parameters 
in the operator, m𝜒 and 𝛬. 

Ø  They are completely determined, 
given the DM relic abundance and 
neutrino mass. 

Ø  For demonstration, we only study 
one neutrino flavor, the heaviest 
active neutrino, with the mass of 0.05 
eV to 0.2 eV (PDG and Planck data). 



UV-complete Toy Model 



UV-complete Toy Model 

•  ɸ𝜒 obtains a vev, that breaks lepton number (L(ɸ𝜒)=2) and gives 

a mass to DM. Then, LNV is passed to 𝜈 via DM. 

•  The scale 𝛬 in the effective operator 𝜒𝜒𝜈𝜈/𝛬2 can be obtained by 

integrating out ɸ, 𝜉,N and replacing H by a vev 𝑣: : 

•  Given GeV 𝛬 with y,c2,3~1, we have roughly mN*mɸ~ O(100 

GeV2). From EW precision test constraints on the active-heavy 

neutrino mixing, y𝑣/mN<0.1, (0803.4008), one has 1<mN<100 

TeV with 1 MeV<mɸ<0.1 GeV.  

 

 



UV-complete Toy Model 

•  Alternatively, the DM-loop induces a mixing between ɸ𝜒 and ɸ 

and consequently a small vev of ɸ is triggered, that gives a 

small Majorana mass to 𝜉. . 

 



UV-complete Toy Model 

•  The neutrino mass matrix in the basis of 𝜈, N and 𝜉 reads  reads 

•  Comparing the neutrino mass from the mass matrix 

diagonalization to the one directly from the effective DM-

neutrino operator  𝜒𝜒𝜈𝜈/𝛬2, the scale 𝛬 can be inferred. 

•  In fact, it is a realization of the inverse seesaw proposed by 

Mohapatra and Valle in 1986.  

 



UV-complete Toy Model 

There are two important requirements to achieve the DM and 

neutrino connection: 

Ø  The LNV comes from the hidden sector which only couples to the 

SM sector via the DM loop and the LNV source manifests as the 

DM Majorana mass in the low-energy effective theory. 

Ø  The heavy particles that are being integrated do not enter the DM-

loop that is the distinctive feature of this model from models in the 

existing literature, rendering the model more predictive. 



Conclusions and Outlook 
Ø  Here we propose a simple model based on the effective operator 

𝜒𝜒𝜈𝜈/𝛬2, which connects DM (𝜒) and neutrino (𝜈) physics. 

Ø  The DM annihilation cross section is determined by the operator.  

Ø  The neutrino receives a radiative mass from the contraction on 

two 𝜒s via the DM Majorana mass, which is the only LNV source 

in the low-energy theory. 

Ø  Two unknown parameters in the operator, m𝜒 and 𝛬 can be 

completely fixed to be of order MeV and GeV, given the 

observed DM relic abundance and neutrino mass. 

 

 



Conclusions and Outlook 
Ø  We provide a UV-complete toy model to realize this DM-neutrino 

connection in the context of the inverse seesaw mechanism. 

Ø  The toy model fulfills two important requirements. First, the  LNV 

source arises from the hidden sector, which couples to the SM 

sector through DM only, i.e., the LNV term manifests as the DM 

Majorana mass term in the low-energy theory. 

Ø  Second, the heavy particles associated with the scale 𝛬, do not 

enter the DM-loop. 

 

 



Conclusions and Outlook 
Ø  The model predicts a MeV neutrino flux from S-wave DM 

annihilations, which could be detectable at neutrino experiments. 

Ø  MeV DM will reheat the neutrino sector when it decouples from 

the thermal bath, i.e., N𝜈=4.4 (1207.0497) in conflict with the 

CMB measurement N𝜈=3.15±0.23 (1502.01589). 

Ø   The tension might be alleviated by including three neutrino 

flavors to increase the DM mass above 8 MeV.  


