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LACK OF BSM PHYSICS FROM LAB:
HOW TO INTERPRET IT?

The SM has proven to be a successful* theory beyond expectations! 
The guiding principle to BSM from the “hierarchy problem" argument has failed, till 
now. It seems to me that there are 3 possible interpretations:

• Unlucky: EW scale is 'a bit' fine-tuned (0.1-1%?) & discoveries are around the 
corner: Let’s just hope that the number of corners of the polygon is not too high…

LEP

Tevatron LHC-8

LHC-13

 *but for neutrinos?
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• Humble: we have misinterpreted/abused this philosophical/aestethic principle, just 
let the experiment (if Nature is kind enough!) tell us what the UV sector is.

• Shocking: the reasoning is in principle correct, but there is no problem because 
all the dof are at the EW scale or below (i.e. light and very weakly coupled)



RESCUE FROM THE SKY?
Perhaps a paradox: we have a simple parametric model (ΛCDM+inflation) that: 
‣ works incredibly well
‣ requires some new physics (baryon asymmetry, DM,...) 

But getting a handle on the scale & coupling of this BSM has remained beyond reach!
(that would change if BICEP 2 claimed detection of primordial B modes is confirmed...TBC...)

Will concentrate on that in the following



DM EVIDENCE @ MANY SCALES

“Astrophysical”“Cosmological” 
(growing effect of non-linearities, baryonic gas dynamics, feedbacks...) 
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(rotation curves, fits...)

FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the !CDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent
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‣ Exact solutions or linear perturbation theory applied to simple physical systems: credible and robust!

‣ Suggests “cold”, collisionless additional species, rather than a modification of gravity

‣  Tells that its majority is non-baryonic, rather than e.g. brown dwarf stars, planets...

Especially cosmological evidence of paramount importance for Particle Physics!
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BSM explanation needed, but gravity is universal: no particle identification! 
discovery via other channels is needed to clarify particle physics framework

 But what to look for depends on model-dependent “bias”
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MAIN ARGUMENTS IN THIS TALK

‣ Indirect DM detection can help discriminating among different scenarios for the 
BSM alternatives.
‣ Actually, we may be living that phase in real time! (3 examples will follow, falling in the 
3 scenarios mentioned above)
‣ Main difficulty: How to conduct the quest productively (= progressing in the 
knowledge of nature) without being fooled (too often!)?
‣ I’ll show how: 
  i) something looking like a “vanilla DM signal” may hide the devil in the details. 
  ii) observables apparently unrelated to DM signal might be instead due to it!

detect SM byproducts of DM interactions
(with SM or DM)
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CASE I: “VANILLA WIMP” FROM GC?
~3 independent groups claim (to a different degree) a statistically significant
gamma-ray excess over diffuse emission plus known astrophysical sources.

L. Goodenough and D. Hooper, “Possible Evidence For Dark Matter Annihilation In The Inner 
Milky Way From The Fermi Gamma Ray Space Telescope,” arXiv:0910.2998
D. Hooper and L. Goodenough, PLB 697, 412 (2011) [arXiv:1010.2752]
K. N. Abazajian and M. Kaplinghat,  PRD 86, 083511 (2012) [arXiv:1207.6047]
 D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins and T. Slatyer,  PRD 88, 083009 (2013) [arXiv:
1305.0830]
 C. Gordon and O. Macias, PRD  88, 083521 (2013) [arXiv:1306.5725]
 K. N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, arXiv:1402.4090
T. Daylan et al. “The Characterization of the Gamma-Ray Signal from the Central Milky Way: A 
Compelling Case for Annihilating Dark Matter”, arXiv:1402.6703 
...

30±10 GeV with “thermal 
cross section”~few 10-26 cm3/s

into quarks, preferentially,
with slightly steeper than 

NFW halo profile



GAMMA RAYS FROM WIMPS?!

Springel et al. 2008

Annihilations may still take place nowadays,
particularly in sufficiently deep potential wells

(inferred from simulations or kinematical 
constraints...)

Differently from charged particles, gammas 
retain directionality

W+, Z, γ, g, H, q+, l+

W -, Z, γ, g, H, q -,l -

ECM ≈ 
102±2 GeV New

X=χ, B(1),… 

New
physics

X

Collider Searches

multimessenger 
approach

Early universe and indirect detection

Direct 
detection
(recoils 
on nuclei)



astrophysicsparticle physicsOften written:

 [particle] ⊗ (astro) factorization holds if 
‣ σ v is v-independent 
‣ if prompt emission dominates
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Gamma rays from Dark Matter Annihilation in the Central Region of the Galaxy 5

Figure 1. The gamma-ray spectrum per annihilation for a 100 GeV (left) and 500
GeV (right) WIMP. Each curve denotes the result for a di!erent dominant annihilation
mode. From Ref. [12].

Supersymmetric Standard Model (MSSM), dominantly annihilate to final states

consisting of heavy fermions bb̄, tt̄, !+!! (i.e. bottom quarks, top quarks and tau

leptons, respectively) or bosons ZZ, W+W!, HA, hA, ZH , Zh, ZA, W±H±, where

W±, Z are the gauge bosons mediating the weak interactions and H , h, A and H± are

the Higgs bosons of the MSSM [11]. With the exception of the !+!! channel, each of
these annihilation modes result in a very similar spectrum of gamma rays, dominated

eventually by the decay of mesons, especially "0, generated in the cascade. In Fig. 1 we

show the predicted gamma-ray spectrum per annihilation, for several possible WIMP

annihilation modes. The harder spectrum here shown from annihilation into the !+!!

channel is not typical of SUSY models, although it might be a distinctive feature of DM

annihilating dominantly to charged leptons pairs; this arises, for example, in Kaluza-
Klein DM models (for a review of particle DM models, see e.g. [13]).

Although these secondary photons provide the dominant emission, other important

channels can exist at the one-loop level. A particularly striking signature would be the

mono-energetic photons resulting from final states such as ##, #Z or #h (see Ref. [14]

for a discussion of these processes within the context of supersymmetry). Unfortunately,

such processes are expected to produce far fewer events than continuum emission and
in typical models can not easily be detected (for a counterexample, see Ref. [15]).

Bremsstrahlung (with an additional photon appearing in the final state) is automatically

present when annihilations produce charged final states, and can dominate the high

energy region of the spectrum when those charged annihilation products are much lighter

than the WIMPs. This is particularly important when the tree-level processes to a pair

of light fermions are disfavored by “selections rules”, but no suppression is present for
three body final states [16, 17]. For more details, see the review by L. Bergstrom in this

issue [13]. Note that gamma-ray emission from DM annihilating into standard model
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AN EXAMPLE WHERE IT FAILS
Even “what signal and what background should look like” is difficult! 

DM signal computation depends from astrophysics! (especially @ E≤few GeV)

We recently highlighted that knowing e.g. the 
gas distribution is important to gauge the 
bremsstrahlung contribution (and the IC). 

 M. Cirelli, PS and G. Zaharijas,   “Bremsstrahlung 
gamma rays from light Dark Matter,”

  JCAP 1311, 035 (2013)  [arXiv:1307.7152].

e+ “radiation” → γ + e

e+ “gas” → e+ “gas” + γ

Technical note (beware of black boxes!)
optimized Galprop models fitting gas distribution 
in the inner galaxy assume no DM contribution. 

A priori not self-consistent when DM added: 
“Diffusion-loss and signal maps not the same”
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Figure 4: The different components of the gamma-ray spectrum from DM, at the same two
locations as in fig. 3 and for the same three specific DM models we consider (columns). We show
the prompt contribution, the bremsstrahlung contribution (also assuming large gas densities at the
GC, see text) and the ICS contribution (computed both including and neglecting bremsstrahlung
energy losses).

extent for the hadronic bb̄ channel.

� Second, we see that the ICS component is also affected by the inclusion of bremsstrahlung

energy losses, which modify the underlying electron spectra as discussed in the pre-

vious Subsection.

� Third, we see that the relative proportion of the different components is position de-

pendent, as the bremsstrahlung (and the ICS) emissions depend on the environmen-

tal gas (and background light) density and composition, making the DM gamma-ray

spectrum far from universal within the Galaxy.

� Finally, the large variation of the bremsstrahlung component with and without the

adoption of realistic gas maps at the GC illustrates the important impact of the local

astrophysical uncertainties on the determination of the gamma-ray spectra. On the

other hand, the precise value of the gas density in the CMZ is less important than for

the e± spectra (i.e. the uncertainty band corresponding to varying ngas by a factor 2

is here relatively thinner). This is because a large ngas suppresses on one side the e±

steady state spectrum via bremsstrahlung energy losses but also, on the other side,

boosts bremsstrahlung γ-ray emission, so that the two effects somewhat compensate,
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 MORE CAVEATS ABOUT GAL. CENTER
Before getting too excited, remember that many ingredients enter these results, e.g.: 

“There are more things in heaven and earth, Horatio, Than are 
dreamt of in your philosophy.”  - Hamlet, W. Shakespeare

‣ diffuse background modeling
‣ properties of unresolved sources (number, distribution...)
‣ point-like source spectra (at low-E, bad angular resolution!)
‣ time dependence?  
‣ new type of sources?
‣ ...
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  P. A. Caraveo,  “Gamma-ray Pulsar Revolution,”
  Annual Review of Astronomy and Astrophysics 52 (2014)   [arXiv:1312.2913] I mean... literally!



EXAMPLE OF “STRANGE BEASTS”
➡ Could be due to new population of MSP?

K.N. Abazajian, JCAP 1103 (2011) 010 [1011.4275]
“The Consistency of Fermi-LAT Observations of the Galactic Center with a Millisecond Pulsar Population in the Central Stellar Cluster,''

Q. Yuan and B. Zhang,  “Millisecond pulsar interpretation of the Galactic center gamma-ray excess,” arXiv:1404.2318 [astro-ph.HE]
(suggest that also profile matches the one of low mass X-ray binaries...)

✓ Spectrum (above GeV, at least) very similar to signals from globular clusters, attributed to 
MSP, i.e. recycled pulsars, spun up due to accretion from companion star.

๏ Normalization would require ~103.4±0.4 MSP. (Qualitatively ok: high stellar density in inner 
bulge!) Traditional models do not predict so many pulsars, but note that MSP field revolutionized 
in the Fermi era...

Figure 1. Shown is the spectrum E2dN/dE of the HG source (thick black points with errors), and
its best fit power law with exponential cutoff curve (blue). The HG spectrum power-law index is
consistent with the globular cluster gamma ray emission of Omega Cen (green), NGC 6388 (cyan)
and M 28 (magenta) [3]. The spectrum of the Geminga pulsar (light grey) [4] has a nearly identical
peak energy and exponential cutoff and a softer power-law index than the HG source. The spectra
of Omega Cen and M 28 are shifted by +0.14 dex and +0.34 dex in energy, respectively, to illustrate
the consistency in power-law index. NGC 6388 is not shifted in energy. The HG source is consistent,
within errors, with the shape of the intrinsic spectrum of all the plotted globular cluster sources. All
sources are normalized to the HG peak flux.

2 Spectrum

In general, pulsar gamma-ray spectra have a flux peak at ∼ 2 − 3 GeV and a spectrum
dN/dE ∝ E−Γ exp(E/Ec) with a power law with index Γ in the range 0.5-2.5 and exponential
cutoff energy Ec at 1-5 GeV, a range consistent with the HG source [5]. Note that HG compare
to the average millisecond pulsar spectrum and find it is not consistent, and then reach the
conclusion that no astrophysical source can produce the HG spectrum. However, this is not
appropriate, but rather consistency with any set of pulsars or stellar cluster population of
pulsars must be ruled out before claiming inconsistency with astrophysical sources.

The spectrum of the HG source can be well fit by a pulsar-like power law plus exponential
cutoff spectrum. The spectrum below 7 GeV is well fit by dN/dE ∝ E−Γ exp(E/Ec), with
Γ = 0.29±0.12 GeV and Ec = 1.34±0.12 GeV and a reduced χ2/DOF = 0.5. The spectrum
and best fit curve is shown in Fig. (1).

Several pulsars in the First Fermi-LAT Catalog of Gamma-ray Pulsars [5], including
J1958+2846, J2032+4127 and J2043+2740, have a power-law index and exponential cutoff
consistent with the HG source. The Geminga pulsar has a detailed published gamma-ray
spectrum which has a similar spectral peak, 2− 3 GeV and cutoff as the HG source [4]. The

– 2 –



AN ANCIENT GALACTIC BURST?
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 Preliminary!

Work in progress with G. Zaharijas

✓ Maybe what we see is not the result of stationary non-thermal phenomena, rather the 
forensic evidence of some bursting event happened in the past at the GC.
Cosmic rays “stay around” for > Myrs after the event! 

✓ Preliminary results indicate that O(1052) erg injected “rapidly” a few Myrs ago (accretion
+jet activity? Starbust episode?) producing a “standard” astrophysical power-law ~E-2.ε

can fully explain the excess via Inverse Compton onto starlight at E> GeV.

✓ Energy cutoff and angular extension 
(up to  ~10 °) simultaneously explained by the 
same age parameter.

✓ There seem to be other evidence for GC 
activity with the same timescale in the past...



A NEW WINDOW TO THE UNIVERSE!

‣ First, 2 shower events just above the PeV 
found at the lower edge of a search motivated 
by cosmogenic neutrinos, 2.8 σ excess

‣ Later, extension to lower energies (down 
to 30 TeV): overall 28 events (both 
showers and tracks) wrt 10.6+5.0-3.6  
background expected (>4 σ!)

‣ E-distribution, angular distribution and 
flavour composition consistent with a isotropic 
signal (fully Galactic plane disfavored, but could 
have Galactic component)

events and inconsistent with backgrounds from
penetrating muons or with detector artifacts, which
would have been expected to trace the locations of
either the fiducial volume boundary or the posi-
tions of the instrumentation.

As part of our blind analysis, we tested a pre-
defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-
ponent (6), reevaluated using current measure-
ments of the cosmic ray spectrum in this energy
range (7, 8). This adds an additional 1.5 charm
neutrinos to our mean background estimate and
predicts, on average, 6.1 (p/K and charm) back-
ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated
on the basis of the number of events, the total
collected PMT charge of each, and the events’
reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow
us to separately incorporate uncertainties on the
various background components. To nevertheless
obtain an indication of the range of possible
significances, we calculated values relative to
background-only hypotheses with charm at the
level called “standard” in (6) as a benchmark flux
as well as at the level of our current 90% confi-
dence level (CL) experimental bounds (8) (corre-
sponding to 3.8 times standard). To prevent
possible confirmation bias, we split the data set
into two samples. For the 26 new events reported
here, using the benchmark flux, we obtain a sig-
nificance of 3.3s (one-sided). Combined using
Fisher’s method with the 2.8s observation of
the earlier analysis where the two highest energy
events were originally reported (3), and which uses
the same benchmark atmospheric neutrino flux
model, we obtain a final significance for the entire
data set of 28 events of 4.1s. The same calculation
performed a posteriori on all 28 events gives 4.8s.
These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne charged-current events, this equals
the neutrino energy; otherwise, it is a lower limit on the neutrino energy. The gap in Edep between 300 TeV
and 1 PeV does not appear to be significant: Gaps of this size or larger appear in 28% of realizations of the
best-fit continuous power-law flux.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited by the events in IceCube assuming all
light was made in electromagnetic showers), as well as the arrival time and
direction of each event and its topology (track- or showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined on an individual basis; track systematic
uncertainties here are equal to 1°, which is an upper limit from studies of the
cosmic ray shadow of the moon (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID Deposited
energy (TeV)

Time
(modified Julian date)

Declination
(degrees)

Right ascension
(degrees)

Median angular error
(degrees) Event type

1 47.6!5.4
+6.5 55,351 !1.8 35.2 16.3 Shower

2 117!15
+15 55,351 !28.0 282.6 25.4 Shower

3 78.7!8.7
+10.8 55,451 !31.2 127.9 "1.4 Track

4 165!15
+20 55,477 !51.2 169.5 7.1 Shower

5 71.4!9.0
+9.0 55,513 !0.4 110.6 "1.2 Track

6 28.4!2.5
+2.7 55,568 !27.2 133.9 9.8 Shower

7 34.3!4.3
+3.5 55,571 !45.1 15.6 24.1 Shower

8 32.6!11.1
+10.3 55,609 !21.2 182.4 "1.3 Track

9 63.2!8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2!12.4
+10.4 55,695 !29.4 5.0 8.1 Shower

11 88.4!10.7
+12.5 55,715 !8.9 155.3 16.7 Shower

12 104!13
+13 55,739 !52.8 296.1 9.8 Shower

13 253!22
+26 55,756 40.3 67.9 "1.2 Track

14 1041!144
+132 55,783 !27.9 265.6 13.2 Shower

15 57.5!7.8
+8.3 55,783 !49.7 287.3 19.7 Shower

16 30.6!3.5
+3.6 55,799 !22.6 192.1 19.4 Shower

17 200!27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5!3.3
+4.6 55,924 !24.8 345.6 "1.3 Track

19 71.5!7.2
+7.0 55,926 !59.7 76.9 9.7 Shower

20 1141!133
+143 55,929 !67.2 38.3 10.7 Shower

21 30.2!3.3
+3.5 55,937 !24.0 9.0 20.9 Shower

22 220!24
+21 55,942 !22.1 293.7 12.1 Shower

23 82.2!8.4
+8.6 55,950 !13.2 208.7 "1.9 Track

24 30.5!2.6
+3.2 55,951 !15.1 282.2 15.5 Shower

25 33.5!5.0
+4.9 55,967 !14.5 286.0 46.3 Shower

26 210!26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2!5.6
+5.6 56,009 !12.6 121.7 6.6 Shower

28 46.1!4.4
+5.7 56,049 !71.5 164.8 "1.3 Track
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3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measured p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E!2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fit E!2 astrophysical spectrum with
a per-flavor normalization (1:1:1) of E2Fn(E) = 1.2 ! 10!8 GeV cm!2 s!1 sr!1.
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A NEW WINDOW TO THE UNIVERSE!

‣ First, 2 shower events just above the PeV 
found at the lower edge of a search motivated 
by cosmogenic neutrinos, 2.8 σ excess

‣ Later, extension to lower energies (down 
to 30 TeV): overall 28 events (both 
showers and tracks) wrt 10.6+5.0-3.6  
background expected (>4 σ!)

‣ E-distribution, angular distribution and 
flavour composition consistent with a isotropic 
signal (fully Galactic plane disfavored, but could 
have Galactic component)

events and inconsistent with backgrounds from
penetrating muons or with detector artifacts, which
would have been expected to trace the locations of
either the fiducial volume boundary or the posi-
tions of the instrumentation.

As part of our blind analysis, we tested a pre-
defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-
ponent (6), reevaluated using current measure-
ments of the cosmic ray spectrum in this energy
range (7, 8). This adds an additional 1.5 charm
neutrinos to our mean background estimate and
predicts, on average, 6.1 (p/K and charm) back-
ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated
on the basis of the number of events, the total
collected PMT charge of each, and the events’
reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow
us to separately incorporate uncertainties on the
various background components. To nevertheless
obtain an indication of the range of possible
significances, we calculated values relative to
background-only hypotheses with charm at the
level called “standard” in (6) as a benchmark flux
as well as at the level of our current 90% confi-
dence level (CL) experimental bounds (8) (corre-
sponding to 3.8 times standard). To prevent
possible confirmation bias, we split the data set
into two samples. For the 26 new events reported
here, using the benchmark flux, we obtain a sig-
nificance of 3.3s (one-sided). Combined using
Fisher’s method with the 2.8s observation of
the earlier analysis where the two highest energy
events were originally reported (3), and which uses
the same benchmark atmospheric neutrino flux
model, we obtain a final significance for the entire
data set of 28 events of 4.1s. The same calculation
performed a posteriori on all 28 events gives 4.8s.
These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne charged-current events, this equals
the neutrino energy; otherwise, it is a lower limit on the neutrino energy. The gap in Edep between 300 TeV
and 1 PeV does not appear to be significant: Gaps of this size or larger appear in 28% of realizations of the
best-fit continuous power-law flux.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited by the events in IceCube assuming all
light was made in electromagnetic showers), as well as the arrival time and
direction of each event and its topology (track- or showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined on an individual basis; track systematic
uncertainties here are equal to 1°, which is an upper limit from studies of the
cosmic ray shadow of the moon (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID Deposited
energy (TeV)

Time
(modified Julian date)

Declination
(degrees)

Right ascension
(degrees)

Median angular error
(degrees) Event type

1 47.6!5.4
+6.5 55,351 !1.8 35.2 16.3 Shower

2 117!15
+15 55,351 !28.0 282.6 25.4 Shower

3 78.7!8.7
+10.8 55,451 !31.2 127.9 "1.4 Track

4 165!15
+20 55,477 !51.2 169.5 7.1 Shower

5 71.4!9.0
+9.0 55,513 !0.4 110.6 "1.2 Track

6 28.4!2.5
+2.7 55,568 !27.2 133.9 9.8 Shower

7 34.3!4.3
+3.5 55,571 !45.1 15.6 24.1 Shower

8 32.6!11.1
+10.3 55,609 !21.2 182.4 "1.3 Track

9 63.2!8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2!12.4
+10.4 55,695 !29.4 5.0 8.1 Shower

11 88.4!10.7
+12.5 55,715 !8.9 155.3 16.7 Shower

12 104!13
+13 55,739 !52.8 296.1 9.8 Shower

13 253!22
+26 55,756 40.3 67.9 "1.2 Track

14 1041!144
+132 55,783 !27.9 265.6 13.2 Shower

15 57.5!7.8
+8.3 55,783 !49.7 287.3 19.7 Shower

16 30.6!3.5
+3.6 55,799 !22.6 192.1 19.4 Shower

17 200!27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5!3.3
+4.6 55,924 !24.8 345.6 "1.3 Track

19 71.5!7.2
+7.0 55,926 !59.7 76.9 9.7 Shower

20 1141!133
+143 55,929 !67.2 38.3 10.7 Shower

21 30.2!3.3
+3.5 55,937 !24.0 9.0 20.9 Shower

22 220!24
+21 55,942 !22.1 293.7 12.1 Shower

23 82.2!8.4
+8.6 55,950 !13.2 208.7 "1.9 Track

24 30.5!2.6
+3.2 55,951 !15.1 282.2 15.5 Shower

25 33.5!5.0
+4.9 55,967 !14.5 286.0 46.3 Shower

26 210!26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2!5.6
+5.6 56,009 !12.6 121.7 6.6 Shower

28 46.1!4.4
+5.7 56,049 !71.5 164.8 "1.3 Track
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3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measured p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E!2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fit E!2 astrophysical spectrum with
a per-flavor normalization (1:1:1) of E2Fn(E) = 1.2 ! 10!8 GeV cm!2 s!1 sr!1.
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Recent update (37 events) including a ~2 PeV 

cascade event  (“
Big Bird”) 1405.5303 



CASE II: SERENDIPITOUS UV SCALE?

B. Feldstein, A. Kusenko, S. Matsumoto and T. T.  Yanagida,   PRD  88, 1, 015004 (2013) [arXiv:1303.7320] (“PeV line” only)

 A. Esmaili and PS,  JCAP  1311, 054 (2013)  [arXiv:1308.1105] (all events)

....

While it is likely that astrophysical sources are responsible for those events, some features 
allow one to entertain the possibility of a DM origin, notably  

I. no events beyond ~2 PeV  (vs. ~8 expected if flux set to a ~E-2 astrophys. benchmark)

II. dip of events in the 0.4-1 PeV range (but still ≤2 σ fluct.)

III.  Observed ratio downgoing/upgoing (>1 due to Earth absorption) events ~ 6
 Accounting for μ contamination, down to 4.5+-1.0
Expected for an isotropic E-2 astro-background ~1.8 

IV. Some excess towards GC, but no Galactic Plane correlation
(7 of the contained events in 30° x 30°, 8% chance prob.)

Lν(0.06-2 PeV)~5 1036 erg/s
Lγ(>1 TeV)~7 1034 erg/s

P. Lipari, arXiv:1308.2086

Glimpses of Dark Matter?
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 A. Esmaili and PS,  JCAP  1311, 054 (2013)  [arXiv:1308.1105] (all events)

....

Note I: must be non-thermal DM! For m>300 TeV thermal DM 
should have annihilating <σv> larger than unitarity bound.

Viable production mechanisms exist, e.g.  directly from 
inflaton decay in low-scale reheating scenarios, see for example 

  K. Griest and M. Kamionkowski,
  PRL  64, 615 (1990).

 K. Harigaya, M. Kawasaki, K. Mukaida 
and M.Yamada,   “Dark Matter 
Production in Late Time Reheating,'' 
arXiv:1402.2846 

While it is likely that astrophysical sources are responsible for those events, some features 
allow one to entertain the possibility of a DM origin, notably  

I. no events beyond ~2 PeV  (vs. ~8 expected if flux set to a ~E-2 astrophys. benchmark)

II. dip of events in the 0.4-1 PeV range (but still ≤2 σ fluct.)

III.  Observed ratio downgoing/upgoing (>1 due to Earth absorption) events ~ 6
 Accounting for μ contamination, down to 4.5+-1.0
Expected for an isotropic E-2 astro-background ~1.8 

IV. Some excess towards GC, but no Galactic Plane correlation
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Lγ(>1 TeV)~7 1034 erg/s

P. Lipari, arXiv:1308.2086
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SIGNAL SHOULD COME VIA DECAY
The right o.o.m. can be obtained by invoking Planck suppressed operators 
(plus GUT-related or B-L breaking or...)

Γ ∼
�

Λ

mPl

�2 �mX

mPl

�4

mX

More details on model-building e.g. in 
Feldstein, A. Kusenko, S. Matsumoto and T. T.  Yanagida,   
PRD  88, 1, 015004 (2013) [arXiv:1303.7320] 

ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension...
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  T. Higaki, R. Kitano and R. Sato,
  “Neutrinoful Universe,”  arXiv:1405.0013

Alternatively, from “right-handed” neutrino decays
(in leptons and gauge bosons/higgses)

Γ ∼ |y|2mX

16π

Caveat: many unnatural small parameters... still
a problem for anyone?

Plus: can “embed” it into a more complete model,
also accounting for inflation (B-L breaking “higgs”),
leptogenesis, even BICEP 2...

y ∼ 10−29

ex.: R-parity violating gravitinos, hidden sector gauge bosons, ... alternatively and singlet fermions in an extra dimension...
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Figure 3: Consistent regions with neutrino masses and cosmological observations. The
two shaded regions (green and light orange) are consistent with the BICEP2 at 1! level
respectively, and imply that the non-thermal leptogenesis works (green) and the dark matter
is explained via the inflaton decay (light orange). Here, we assume normal hierarchy. We
also show the mass range of N1 favored by the IceCube experiment (pink shaded region).
In the dark orange region where thermal leptogenesis is viable, the reheating temperature is
treated as a free parameter satisfying M2 ! TR ! m! = 1013 GeV with 5MPl ! vB!L. A
high reheating temperature is realized by the decay into hh, WW and ZZ via the coupling
in Eq. (3).

5.1 The branching fractions of N1

The partial decay widths of N1 at tree level are,

!(N1 " "!W+) = !(N1 " "+W!) =
|y1"# |2M1

16#

!

1#
m2
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M2
1

"2 !

1 +
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M2
1

"

, (41)

!(N1 " $"Z) = !(N1 " $̄"Z) =
|y1"# |2M1

32#
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1#
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Z
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"2 !
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"

, (42)

!(N1 " $"h) = !(N1 " $̄"h) =
|y1"# |2M1

32#

!

1#
m2

h

M2
1

"2

. (43)

For M1 $ mW , mZ , mh, we can see that !(N1 " ""W±) : !(N1 " $Z, $̄Z) : !(N1 "
$h, $̄h) % 2 : 1 : 1 due to the equivalence theorem [43]. The lifetime of N1 for M1 $
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SOME PHENO ASPECTS 3

τDM, with the highest energy events fixing the branch-
ing ratio into hard (or monochromatic) neutrino channels
(denoted bH in the following), as well as the PeV-mass
scale of the particle.

Remarkably, for a rough prediction of the spectral
shape dNν/dEν no detailed model of the DM sector is re-
quired. Phenomenologically, neutrino spectra from heavy
particle decays/annihilations present both a hard and a
soft component, denoted respectively with “H” and “S”.
The former one comes from final states containing “pri-
mary” neutrinos (such as a pair of neutrinos, νγ, etc.),
but to some extent also other charged leptons, notably
electron. On the other hand, other channels, and in par-
ticular those involving light quarks (u , d , s, here denoted
as q), lead to significantly softer spectra. Hence we sim-
ply parameterize the spectrum as

dNν

dEν
= (1− bH)

dNν

dEν

����
S

+ bH
dNν

dEν

����
H

. (9)

In the following section we will show some examples of
spectra, specifying the “S” and “H” tree-level modes.

Additionally, it has been appreciated since more than
a decade that electroweak cascades are an important in-
gredient at center-of-mass energies of the order of PeV
or larger [15]. Needless to say, also QCD parton jets
play an important role, either because QCD final state
is directly present (as in the soft channel of Eq. (9)) or,
at very least, as byproduct of the electroweak cascades.
In order to account for this effect, we rescale the results
presented in [16] for a 0.1 PeV annihilating DM—whose
spectra are available numerically at [17]—for few PeV
candidates. Note that the ignorance of the DM model
details, together with intrinsic theoretical error on the
spectra prevents a precise calculation. Additionally, the
current limited statistics would make it probably unnec-
essary. Hence, the spectra used should be intended as
“educated guesses”, illustrative of the qualitatively ex-
pected shape, rather than detailed predictions.

Remarkably, as illustrated in the following section,
with these generic ingredients and a minimal set of as-
sumptions for DM physics, it appears rather easy to re-
produce the “unusual” spectral shape hinted to by the
data. This framework also lead to quite specific predic-
tions, which can be falsified once sufficient statistics will
be collected.

III. RESULTS

The galactic and extragalactic components of the
neutrino flux at the Earth readily follow by plugging
dNν/dEν into Eq. (3) and Eq. (6), respectively. Our
benchmark case is the choice DM → νeν̄e for the hard
channel and DM → qq̄ for the soft one. We also account
for the neutrino mixing en route from production point
to the Earth. Due to neutrino flavor oscillation, flux of
να at Earth is ΣβPαβIβ , where Pαβ denotes probability
of νβ → να oscillation and Iβ represents the flux in β
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FIG. 1: The flux of neutrinos at the Earth form decaying DM
with mDM = 3.2PeV and τDM = 2 × 1027 s and final states
νeν̄e and qq̄, with 12% and 88% branching ratios, respectively.
The blue (dashed) and red (dot-dashed) curves are for galactic
and extragalactic components, respectively. The black (solid)
curves shows sum of the two components. The shown fluxes
are (νe + νµ + ντ )/3, including antineutrinos.

flavor at the source. The observable flux are subject to
complete decoherence, thus Pαβ = Σi|Uαi|2|Uβi|2, where
Uαi represents the elements of PMNS mixing matrix, set
here at the best-fit values from [18]. Due to the oscilla-
tion of neutrinos, the flavor ratio of neutrino flux at the
Earth from decaying DM is Je : Jµ : Jτ � 1 : 1 : 1, which
is consistent with the observed numbers of muon-track
and cascade events in IceCube.

Fig. 1 shows the expected neutrino flux at Earth from
decaying DM with mDM = 3.2 PeV and τDM = 2×1027 s,
which as we will see gives a good fit to the IceCube data.
The shown flux is the average of all neutrino and antineu-
trino flavors: (νe + νµ + ντ )/3. The assumed DM mass
stems from mDM/2 ∼ Emax

ν , where Emax

ν = 1.6 PeV is
the maximum energy of observed events at IceCube; and
τDM is chosen in such a way to give two events in PeV
range. The blue (dashed) and red (dot-dashed) curves
correspond to galactic and extragalactic components, re-
spectively; and the black solid curve for the sum of them.
The gray vertical line shows the maximum energy of neu-
trino at mDM/2. For the branching ratio of hard channel
DM decay (that is DM → νeν̄e for our benchmark), we
assumed bH = 0.12. The requested feature for the inter-
pretation of IceCube data is clear from Fig. 1: a peaked
shape at Eν ∼ PeV accompanied by a dip in the range
∼ (0.3−1) PeV and populated spectrum below ∼ 0.3 PeV
due to the softer qq̄ channel (with cascade corrections)
as well as the EW cascade tail from νν̄.

The choice of final states sharing the qualitative fea-
tures discussed above is by no means unique. In Fig. 2 we
compare some alternative combinations of spectra pre-
senting energy spectra similar to our benchmark decay
channel (solid, black curve). In particular the soft chan-
nel in Eq. (9) can be bb̄ or cc̄ final states and the hard

‣ Both Galactic and extragalactic contributions, roughly 
comparable 
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τDM, with the highest energy events fixing the branch-
ing ratio into hard (or monochromatic) neutrino channels
(denoted bH in the following), as well as the PeV-mass
scale of the particle.

Remarkably, for a rough prediction of the spectral
shape dNν/dEν no detailed model of the DM sector is re-
quired. Phenomenologically, neutrino spectra from heavy
particle decays/annihilations present both a hard and a
soft component, denoted respectively with “H” and “S”.
The former one comes from final states containing “pri-
mary” neutrinos (such as a pair of neutrinos, νγ, etc.),
but to some extent also other charged leptons, notably
electron. On the other hand, other channels, and in par-
ticular those involving light quarks (u , d , s, here denoted
as q), lead to significantly softer spectra. Hence we sim-
ply parameterize the spectrum as

dNν

dEν
= (1− bH)

dNν

dEν

����
S

+ bH
dNν

dEν

����
H

. (9)

In the following section we will show some examples of
spectra, specifying the “S” and “H” tree-level modes.

Additionally, it has been appreciated since more than
a decade that electroweak cascades are an important in-
gredient at center-of-mass energies of the order of PeV
or larger [15]. Needless to say, also QCD parton jets
play an important role, either because QCD final state
is directly present (as in the soft channel of Eq. (9)) or,
at very least, as byproduct of the electroweak cascades.
In order to account for this effect, we rescale the results
presented in [16] for a 0.1 PeV annihilating DM—whose
spectra are available numerically at [17]—for few PeV
candidates. Note that the ignorance of the DM model
details, together with intrinsic theoretical error on the
spectra prevents a precise calculation. Additionally, the
current limited statistics would make it probably unnec-
essary. Hence, the spectra used should be intended as
“educated guesses”, illustrative of the qualitatively ex-
pected shape, rather than detailed predictions.

Remarkably, as illustrated in the following section,
with these generic ingredients and a minimal set of as-
sumptions for DM physics, it appears rather easy to re-
produce the “unusual” spectral shape hinted to by the
data. This framework also lead to quite specific predic-
tions, which can be falsified once sufficient statistics will
be collected.

III. RESULTS

The galactic and extragalactic components of the
neutrino flux at the Earth readily follow by plugging
dNν/dEν into Eq. (3) and Eq. (6), respectively. Our
benchmark case is the choice DM → νeν̄e for the hard
channel and DM → qq̄ for the soft one. We also account
for the neutrino mixing en route from production point
to the Earth. Due to neutrino flavor oscillation, flux of
να at Earth is ΣβPαβIβ , where Pαβ denotes probability
of νβ → να oscillation and Iβ represents the flux in β
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FIG. 1: The flux of neutrinos at the Earth form decaying DM
with mDM = 3.2PeV and τDM = 2 × 1027 s and final states
νeν̄e and qq̄, with 12% and 88% branching ratios, respectively.
The blue (dashed) and red (dot-dashed) curves are for galactic
and extragalactic components, respectively. The black (solid)
curves shows sum of the two components. The shown fluxes
are (νe + νµ + ντ )/3, including antineutrinos.

flavor at the source. The observable flux are subject to
complete decoherence, thus Pαβ = Σi|Uαi|2|Uβi|2, where
Uαi represents the elements of PMNS mixing matrix, set
here at the best-fit values from [18]. Due to the oscilla-
tion of neutrinos, the flavor ratio of neutrino flux at the
Earth from decaying DM is Je : Jµ : Jτ � 1 : 1 : 1, which
is consistent with the observed numbers of muon-track
and cascade events in IceCube.

Fig. 1 shows the expected neutrino flux at Earth from
decaying DM with mDM = 3.2 PeV and τDM = 2×1027 s,
which as we will see gives a good fit to the IceCube data.
The shown flux is the average of all neutrino and antineu-
trino flavors: (νe + νµ + ντ )/3. The assumed DM mass
stems from mDM/2 ∼ Emax

ν , where Emax

ν = 1.6 PeV is
the maximum energy of observed events at IceCube; and
τDM is chosen in such a way to give two events in PeV
range. The blue (dashed) and red (dot-dashed) curves
correspond to galactic and extragalactic components, re-
spectively; and the black solid curve for the sum of them.
The gray vertical line shows the maximum energy of neu-
trino at mDM/2. For the branching ratio of hard channel
DM decay (that is DM → νeν̄e for our benchmark), we
assumed bH = 0.12. The requested feature for the inter-
pretation of IceCube data is clear from Fig. 1: a peaked
shape at Eν ∼ PeV accompanied by a dip in the range
∼ (0.3−1) PeV and populated spectrum below ∼ 0.3 PeV
due to the softer qq̄ channel (with cascade corrections)
as well as the EW cascade tail from νν̄.

The choice of final states sharing the qualitative fea-
tures discussed above is by no means unique. In Fig. 2 we
compare some alternative combinations of spectra pre-
senting energy spectra similar to our benchmark decay
channel (solid, black curve). In particular the soft chan-
nel in Eq. (9) can be bb̄ or cc̄ final states and the hard

‣ Both Galactic and extragalactic contributions, roughly 
comparable 
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be

seen from Fig. 2, the required shape of energy spectrum

is recurring in all the shown channels. The e−e+ channel

shows the importance of EW corrections (which are in

fact quite large!): despite the fact that no hard neutrino

channel is present at tree level, a sufficiently hard neu-

trino spectrum can be still obtained with a 40% branch-

ing ratio in e−e+, thanks to the major role played by

cascade radiation of massive gauge bosons (see [22, 23]).

This fact may appear surprising, but with the following

qualitative argument we justify it. First of all, even if one

mostly radiates “soft” gauge bosons, in a splitting pro-

cess (say e−e+ → e−W+ν) both the soft and the hard

neutrino spectra are populated: the low-energy one via

the soft (single or multiple) W decay process and the

high-energy one via the ν’s which the electrons have con-

verted into. Secondly, while naively these processes are

suppressed by a power of α (weak fine structure) with

respect to the three level, the presence of large logarith-

mic factor (of the type α log(m2

DM
/m2

W
)) makes these

“corrections” sizable for massive particles, at the level of

10% or larger of the tree-level result (for more technical

details see [22, 23]). As a consequence, by varying both

lifetime and branching ratio within a factor of only a few

with respect to the naive fit obtained with the νν̄ tree-

level diagram, one is capable of fitting the spectrum even

in the absence of tree-level neutrino emission. From the

model building point of view, a DM decay to e−e+ and

νν̄ can be naturally constructed from the coupling of DM

to the weak SU(2) lepton doublet (να, �α). For an equal

decay branching ratio in the two components of the dou-

blet, the corresponding modification of the parameters

{τ, bH} with respect to the pure νν̄ case best fit param-

eters is thus less than a factor 2. Other choices for the
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FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

ν flux (blue-dashed).
Both the observed events and predictions include background
events due to atmospheric neutrinos and muons [3].

final states (including for example massive gauge bosons,

top quark and muon/tau leptons) would also produce

spectra roughly compatible with observations, but for il-

lustrative purposes in the following we shall concentrate

on our benchmark case which presents the most marked

differences with respect to a featureless power-law spec-

trum of astrophysical origin.

The number of events at IceCube can be calculated by

convoluting the flux at Earth with the exposure of the

detector, such that the number of events in the bin ∆iEν

is given by

Ni =

�

∆iEν

�
dJh
dEν

+
dJeg
dEν

�
E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported

exposure in [20]. The result of our analysis is shown in

Fig. 3. In this figure the red (solid) and blue (dashed)

curves correspond to expected number of events from DM

decay with the spectrum of Fig. 1 and a generic E−2

ν
spectrum, respectively; and the black points with error

bars show the observed events. The following comments

about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is

fixed mainly by requiring two PeV events, i.e. the

last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-

termined by the low energy part of events. Let

us mention that the assumed value of DM lifetime

is compatible with the lower limit on τDM obtained

e.g. in [9] from the data of IceCube-22 [21], but the

two cannot be compared at face value. In fact, two

issues should be taken into account: i) the lower

limit in [9] is calculated with the assumption of

bH = 1, and as described there, the limit should be
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be

seen from Fig. 2, the required shape of energy spectrum

is recurring in all the shown channels. The e−e+ channel

shows the importance of EW corrections (which are in

fact quite large!): despite the fact that no hard neutrino

channel is present at tree level, a sufficiently hard neu-

trino spectrum can be still obtained with a 40% branch-

ing ratio in e−e+, thanks to the major role played by

cascade radiation of massive gauge bosons (see [22, 23]).

This fact may appear surprising, but with the following

qualitative argument we justify it. First of all, even if one

mostly radiates “soft” gauge bosons, in a splitting pro-

cess (say e−e+ → e−W+ν) both the soft and the hard

neutrino spectra are populated: the low-energy one via

the soft (single or multiple) W decay process and the

high-energy one via the ν’s which the electrons have con-

verted into. Secondly, while naively these processes are

suppressed by a power of α (weak fine structure) with

respect to the three level, the presence of large logarith-

mic factor (of the type α log(m2
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)) makes these

“corrections” sizable for massive particles, at the level of

10% or larger of the tree-level result (for more technical
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lifetime and branching ratio within a factor of only a few

with respect to the naive fit obtained with the νν̄ tree-

level diagram, one is capable of fitting the spectrum even

in the absence of tree-level neutrino emission. From the

model building point of view, a DM decay to e−e+ and

νν̄ can be naturally constructed from the coupling of DM

to the weak SU(2) lepton doublet (να, �α). For an equal

decay branching ratio in the two components of the dou-
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ν flux (blue-dashed).
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final states (including for example massive gauge bosons,

top quark and muon/tau leptons) would also produce

spectra roughly compatible with observations, but for il-

lustrative purposes in the following we shall concentrate

on our benchmark case which presents the most marked

differences with respect to a featureless power-law spec-

trum of astrophysical origin.

The number of events at IceCube can be calculated by

convoluting the flux at Earth with the exposure of the

detector, such that the number of events in the bin ∆iEν

is given by

Ni =
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∆iEν
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dJh
dEν

+
dJeg
dEν
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E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported

exposure in [20]. The result of our analysis is shown in

Fig. 3. In this figure the red (solid) and blue (dashed)

curves correspond to expected number of events from DM

decay with the spectrum of Fig. 1 and a generic E−2

ν
spectrum, respectively; and the black points with error

bars show the observed events. The following comments

about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is

fixed mainly by requiring two PeV events, i.e. the

last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-

termined by the low energy part of events. Let

us mention that the assumed value of DM lifetime

is compatible with the lower limit on τDM obtained

e.g. in [9] from the data of IceCube-22 [21], but the

two cannot be compared at face value. In fact, two

issues should be taken into account: i) the lower

limit in [9] is calculated with the assumption of

bH = 1, and as described there, the limit should be

‣ In a 30° aperture cone around the Gal. Center, ~ twice the 
events than for an isotropic flux (~15% vs 7%), much milder 
and less uncertain than for annihilation!

‣ Abrupt energy cutoff expected (at few PeV at most)

‣ Accommodated in a variety of final states/b.r./lifetimes (i.e. 
not particularly fine-tuned, e.g. decay via operators containing 
L H OK, no specific flavor structure)

‣ Possibly (likely) associated to measurable gamma flux (but 
early detection in neutrinos quite natural...)
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Testable with fortcoming IceCube data!



CASE III: SHOCKING?

δL = N̄i∂µγ
µ
N − λ�HN̄L

� − M

2
N̄

c
N + h.c.

 SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
 Easy to add one extra neutrino state which works! 

 SM singlet, but for mixing with active (one needs ≥2 of these to give mass to ν’s...)



CASE III: SHOCKING?

δL = N̄i∂µγ
µ
N − λ�HN̄L

� − M

2
N̄

c
N + h.c.

θ ∼ λ v/M

 SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
 Easy to add one extra neutrino state which works! 

 SM singlet, but for mixing with active (one needs ≥2 of these to give mass to ν’s...)

 Production via oscillations, suppressed by the small mixing (~10-4)
(never in equilibrium, non-thermal spectrum, avoid “hot-ness”)

 Further adjust mass M to obtain right abundance, keV range selected.



CASE III: SHOCKING?

δL = N̄i∂µγ
µ
N − λ�HN̄L

� − M

2
N̄

c
N + h.c.

θ ∼ λ v/M

N → ν + γ

 SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
 Easy to add one extra neutrino state which works! 

 SM singlet, but for mixing with active (one needs ≥2 of these to give mass to ν’s...)

 Production via oscillations, suppressed by the small mixing (~10-4)
(never in equilibrium, non-thermal spectrum, avoid “hot-ness”)

 Further adjust mass M to obtain right abundance, keV range selected.

 Astrophysically interesting candidate: 
 “cold-to-warm”, may suppress structures at sub-kpc scales;
 can be searched for via X-ray line (rare loop-suppressed decay)
 can be embedded in a “minimal extension” of the SM with only 
 3 right-handed neutrinos (two GeV-ish ones explaining baryon asymmetry...)

νMSM, for a review, A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov,
  Ann. Rev. Nucl. Part. Sci. 59, 191 (2009)

Note: no physics above the electroweak scale is required



CASE III: THE LINE OF THE YEAR (2014)

  E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Randall,
“Detection of An Unidentified Emission Line in the Stacked X-ray spectrum of 
Galaxy Clusters,''   arXiv:1402.2301

  A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi and J. Franse,
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3.55 keV photon line which can be interpreted as 
a signal of a 7.1 keV sterile neutrino
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‣ ~5 σ, but look elsewhere (~3 σ)
‣ stack clusters (“shuffling” via z-dependence) 
‣ need to parameterize “effective” background to 
better than % level (but argued OK)
‣ Overall consistent with DM, but some anomaly 
in normalization of Perseus? 
‣ Would require “resonant” (non-thermal) 
production mechanism, via asymmetry? Or not νs?
‣ Further tests needed (wait for Astro-H...)
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‣ ~5 σ, but look elsewhere (~3 σ)
‣ stack clusters (“shuffling” via z-dependence) 
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better than % level (but argued OK)
‣ Overall consistent with DM, but some anomaly 
in normalization of Perseus? 
‣ Would require “resonant” (non-thermal) 
production mechanism, via asymmetry? Or not νs?
‣ Further tests needed (wait for Astro-H...)

See also DM parallel session!



MESSAGE TO BRING BACK
 Differently from colliders (till now!) “Cosmic Lab” guarantees that 

BSM physics is there! (in particular I stressed the DM case)
 

What is limiting progress is not the lack of theoretical ideas, but the firm identification of 
clues to select the right scale (& “path across the desert”).

What I showed (with concrete, literature inspired, examples!) is that Indirect DM detection 
can help discriminating among different scenarios for the BSM alternatives. 

(but no “Theorem” that guarantees success, true of most post-Higgs searches!)
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BSM physics is there! (in particular I stressed the DM case)
 

What is limiting progress is not the lack of theoretical ideas, but the firm identification of 
clues to select the right scale (& “path across the desert”).

What I showed (with concrete, literature inspired, examples!) is that Indirect DM detection 
can help discriminating among different scenarios for the BSM alternatives. 

(but no “Theorem” that guarantees success, true of most post-Higgs searches!)

For the astroparticle quest to be successful, we have to search: 

 better, in known channels. This means computing better signals but also better  
 understanding of astrophysical “foregrounds”, themselves opportunities for discoveries

 elsewhere:  Astrophysics and Cosmology fortunately offer plenty of windows to be fully 
 exploited (CMB polarization, spectral distortions, tomographic surveys, 21 cm, high energy              

 gamma rays, neutrinos, gravitational waves, underground detectors...)



Thank you for your attention!



INDEPENDENT TESTS

Part of parameter space testable with AMS-02 antiprotons, see
 M. Cirelli and G. Giesen,
“Antiprotons from Dark Matter: Current constraints and future sensitivities,''
  JCAP 1304, 015 (2013) [arXiv:1301.7079]

Gammas from dwarfs in Fermi, some of which show a little excess? 
Fermi-LAT,  Phys. Rev. D 89, 042001 (2014) [1310.0828]

101 102 103 104

mDM (GeV)

10−22

10−23

10−24

10−25

10−26

�σ
v�

(c
m

3
s−

1
)

Ultra-Faint Galaxies Excluded

τ+τ−

Observed Limit

Median Expected

68% Containment

95% Containment

Collider bounds & direct detection bound can be evaded (but testable at 
LHC-13!) with Dirac DM and pseudoscalar mediator a (e.g. via t t a~tt Emis)
  C. Boehm, M. J. Dolan, C. McCabe, M. Spannowsky and C. J.  Wallace,
“Extended gamma-ray emission from Coy Dark Matter,''
  arXiv:1401.6458 [hep-ph].

AMS positrons:
Good possibilities to test it according to D. Hooper and W. Xue,
“Possibility of Testing the Light Dark Matter Hypothesis with the Alpha Magnetic Spectrometer,”
  PRL 110, 041302 (2013) [arXiv:1210.1220]

 but bounds for hadronic modes not shown (?!?) in
 L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper and C. Weniger,
“New limits on dark matter annihilation from AMS cosmic ray positron data,''
  PRL 111, 171101 (2013) [arXiv:1306.3983] 

Below sensitivity according to 
 A. Ibarra, A. S. Lamperstorfer and J. Silk,
“Dark matter annihilations and decays after the AMS-02 positron measurements,”
  [arXiv:1309.2570].



A SMOKING GUN?

  E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S. W. Randall,
“Detection of An Unidentified Emission Line in the Stacked X-ray spectrum of 
Galaxy Clusters,''   arXiv:1402.2301

With sufficient spectral resolution, can distinguish broadening due to thermal 
plasma effect from DM velocity dispersion (virial theorem)!

Simulation astro-H
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Figure 13. Sterile Neutrino Mass and Mixing angle measure-

ments and upper limits obtained from the different samples used

in this study. The comparison of our stacking method with the

limits placed by the single well exposed Bullet cluster at 3.57 keV

Boyarsky et al. (2008) is also shown in the figure. The error bars

and upper limits are in the 90% confidence level.

The radial distribution of the flux of this line should
be investigated further in the nearby bright clusters, in-
cluding those with and without cool cores.
We note that even if the sterile neutrino origin is cor-

rect, this detection would not necessarily imply this is
the origin of all dark matter. Assuming a standard cos-
mological history below a temperature of a few hundred
MeV, sterile neutrinos would be produced by oscillations
with active neutrinos at an abundance determined by the
mass and mixing angle (e.g., Dodelson & Widrow 1994;
Kusenko 2009). For a 7.1 keV sterile neutrino with a mix-
ing angle corresponding to sin2(2θ) ∼ 7 × 10−11, about
1% of dark matter is produced in this manner. This im-
plies that either (1) sterile neutrinos are a sub- dominant
component of dark matter, (2) sterile neutrinos are pre-
dominantly produced by some other mechanism, or (3)
the emission line originates from some other radiatively
decaying light dark matter candidate such as moduli dark
matter (Kusenko et al. 2013)(Kusenko et al. 2013)
Our result must be verified using a variety of X-ray

instruments, X-ray emitting dark matter dominated ob-
jects, methods of data reduction, background subtrac-
tion, and statistical techniques to investigate the inter-
pretation of this line. The future high-resolution Astro-H
observations will be able to measure the broadening of
the line which will allow to measure its velocity disper-
sion. To detect a dark matter decay line, which is much
weaker than the plasma lines will require a significantly
long exposure. We performed 1 Ms Astro-H SXS sim-
ulations of the Perseus cluster assuming that the width
(15 eV) of the dark matter decay line is determined by
the virial velocities of dark matter particles of 1300 km
s−1. Figure 14 shows the broader dark matter line will
be easily distinguished from the plasma emission line,
which are only broadened by the turbulence in the X-ray
emitting gas.

6. CAVEATS

As intriguing as the dark-matter interpretation of our
new line is, we should emphasize the significant system-
atic uncertainties affecting the line energy and flux in
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Figure 14. 1 Ms Astro-H SXS simulations of the Perseus cluster.

The line width corresponds to line of sight velocity dispersion of

1300 km s
−1

. The figure shows that the decaying dark matter

line broadened by the virial velocities of dark matter particles will

easily be distinguished from the plasma emission lines which are

broadened by turbulence in sufficiently deep observations of the

Perseus cluster.

addition to the quoted statistical errors. The line is very
weak, with an equivalent width in the full-sample spec-
tra of only ∼ 1 eV. Given the CCD energy resolution
of ∼ 100 eV, this means that our line is a ∼ 1% bump
above the continuum. This is why an accurate continuum
model in the immediate vicinity of the line is extremely
important; we could not leave even moderately signifi-
cant residuals unmodeled. To achieve this, we could not
rely on any standard plasma emission models and instead
had to let all the tabulated lines free (including their
fluxes, energies and widths, within reasonable bounds),
as described in §3.
This approach results in a very large number of pa-

rameters to fit simultaneously, among which are the line
energies and widths that notoriously cause problems for
the statistic minimization algorithms. It was difficult
to make XSPEC find absolute minima; the convergence
of all of the reported fits had to be verified by manu-
ally varying key parameters and refitting using different
minimization algorithms. Nevertheless, it is not incon-
ceivable that some of our fits did not find an absolute χ2

minimum.
Another consequence of the very low line flux is illus-

trated by the lower panels in Fig. 5, showing the effec-
tive area curves. There are variations in these curves
at a ∼ 1% level, some of which may be at the posi-
tion of our line. If these features are not accurately cal-
ibrated, they may cause artifacts that would be falsely
detected as spectral features. This is where our stack-
ing approach makes a big difference — those effective
area variations are almost completely smeared out in the
“all other” sample, for which the instrument response
was averaged over a large range of cluster redshifts (low-
est panels), and the line is still present in those spectra.
Nevertheless, for the nearby subsamples, these variations
represent a systematic uncertainty.
Finally, there is a discrepancy, albeit at a marginal

statistical significance, between the line energy obtained
for the full sample by MOS and PN, see Table 5. The


