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Seminar at July 4th 

• How does it observed?  
• What should we do next? 
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So,  
what’s the problem?
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Five empirical evidences 
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• accelerated expansion of the Universe

• apparently acausal density fluctuations

• baryon asymmetry
We don’t really know their energy scales...



Dark Matter 
our Mom





Cheshire cat





• Clumps to form structure

• imagine 

• “Bohr radius”: 

• too small m ⇒ won’t “fit” in a galaxy!

• m >10−22 eV “uncertainty principle” bound 
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)

V = GN
Mm

r
rB =

�2

GNMm2

Mass Limits 
“Uncertainty Principle”
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di↵use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di↵use model template is shown as evaluated at 1 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.18. Red dashed lines indicate the
boundaries of our standard Region of Interest (we also mask bright point sources and the region of the Galactic plane with
|b| < 1�).

we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di↵erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emis-
sion from the Galactic Plane and point sources into our
regions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where the
CTBCORE cut has the greatest impact. These new event
classes and their characterization are further detailed in
[41], and accompanied by a data release of all-sky maps
for each class, and the instrument response function files
necessary for use with the Fermi Science Tools.

Throughout the remainder of this study, we will em-
ploy the Q2 event class by default, corresponding to the
top 50% (by CTBCORE) of Fermi ’s front-converting, Ul-
traclean photons, to maximize event quality. We select
Q2 rather than Q1 to improve statistics, since as demon-
strated in Fig. 3, the angular resolution improvement in
moving from Q2 to Q1 is minimal. In Appendix A we
demonstrate that our results are stable upon removing
the CTBCORE cut (thus doubling the dataset), or ex-
panding the dataset to include lower-quality events.1

1 An earlier version of this work found a number of apparent
peculiarities in the results without the CTBCORE cut that
were removed on applying the cut. However, we now attribute
those peculiarities to an incorrect smoothing of the di↵use back-

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [42, 43]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),
which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a series of maps
of the gamma-ray sky binned in energy. We apply the
point source subtraction method described in Ref. [43],

ground model. When the background model is smoothed cor-
rectly, we find results that are much more stable to the choice
of CTBCORE cut, and closely resemble the results previously
obtained with Q2 events. Accordingly, the CTBCORE cut ap-
pears to be e↵ective at separating signal from poorly-modeled
background emission, but is less necessary when the background
is well-modeled.

Daylan et al, arXiv:1402.6703
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FIG. 15: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in the left frame of Fig. 6) as a function of mass,
and marginalized over the value of the annihilation cross section. In the left frame, we show results for dark matter particles
which annihilate uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which
the dark matter annihilates to a combination of channels, with cross sections proportional to the square of the mass of the
final state particles, the square of the charge of the final state particles, democratically to all kinematically accessible Standard
Model fermions, or 80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of
⇠20-60 GeV and which annihilate mostly to quarks.

FIG. 16: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 15). We show results for our
standard ROI (black) and as fit over the full sky (blue). The observed gamma-ray spectrum is generally best fit by dark matter
particles with a mass of ⇠20-50 GeV and that annihilate to quarks with a cross section of �v ⇠ 10�26 cm3/s. Note that the
cross-section for each model is computed for the best-fit slope � in that ROI and the assumed dark matter densities at 5� from
the Galactic Center (where the signal is normalized) are di↵erent for di↵erent values of �. This is responsible for roughly half
of the variation between the best-fit cross-sections. Figures 19 and 20 show the impact of changing the ROI when holding the
assumed DM density profile constant.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-

ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in the left
frame of Fig. 6). In Fig. 15, we plot the quality of this
fit (�2) as a function of the WIMP mass, for a number
of dark matter annihilation channels (or combination of
channels), marginalized over the value of the annihila-

4

FIG. 3: Posteriors for the fractions of the total flux within 10� of the GC with |b| � 2� arising from the NFW-distributed
PS and NFW-distributed DM components, with 3FGL sources unmasked (left) and masked (right) in the fit. Insets show the
results of including only a DM template in the fit; in the absence of a PS template, the DM template can absorb the entirety of
the flux. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles. The intensity of the di↵use emission is consistent
between the NPTF and standard template analyses.

the excess within 10� of the GC with |b| � 2� may be
explained by a population of 62+21

�19 unresolved PSs, with

flux above 1.69+0.38
�0.31 ⇥ 10�10 photons/cm2

/s. The entire

excess within this region could be explained by 203+109
�68

PSs, although this estimate relies on extrapolating the
source-count function to very low flux, where systematic
uncertainties are large. Detecting members of this PS
population, which appears to lie just below the current
Fermi PS-detection threshold, would be convincing evi-
dence in favor of the PS explanation of the ⇠GeV excess.
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FIG. 3: Posteriors for the fractions of the total flux within 10� of the GC with |b| � 2� arising from the NFW-distributed
PS and NFW-distributed DM components, with 3FGL sources unmasked (left) and masked (right) in the fit. Insets show the
results of including only a DM template in the fit; in the absence of a PS template, the DM template can absorb the entirety of
the flux. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles. The intensity of the di↵use emission is consistent
between the NPTF and standard template analyses.

the excess within 10� of the GC with |b| � 2� may be
explained by a population of 62+21

�19 unresolved PSs, with

flux above 1.69+0.38
�0.31 ⇥ 10�10 photons/cm2

/s. The entire

excess within this region could be explained by 203+109
�68

PSs, although this estimate relies on extrapolating the
source-count function to very low flux, where systematic
uncertainties are large. Detecting members of this PS
population, which appears to lie just below the current
Fermi PS-detection threshold, would be convincing evi-
dence in favor of the PS explanation of the ⇠GeV excess.
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KINETICALLY MIXED U(1)

• e.g., SU(4) gauge group with 
Nf=3

• gauged U(1): 

• kinetic mixing induced by:
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FIG. 1: Bounds on mV vs ϵγ for dark mesons being compatible with the SIMP scenario for 1/4π.

Three figures correspond to Gc =SU(4), SU(6), and SU(10), respectively. Imposed constraints,

distinguishable by colors, are written explicitly, while the allowed parameter space is uncolored.

For mV > 2mπ, BaBar and LHC bounds are rescaled taking γD → 2π invisible decay into account.

the larger mV , the stronger the lower bound on ϵγ gets, according to

αDϵγ
(mπ

mV

)2

! 10−8. (21)

We present constraints on mV and ϵγ for several cases with different confining groups

in Fig. 1 and Fig. 2, where αD = 1/4π and αD = 0.01 were taken, respectively, and
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Cosmic Axion Spin Precession
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample

Budker et al
arXiv:1306.6089

He↵ (t) = �~µ · ~B � mu

m2

const

sin(mat)⇥ ~sn · ~E

resonance @ µB=ma

3

SQUID

pickup

loop

~Bext

~M

~E⇤

FIG. 1: Geometry of the experiment. The applied magnetic field ~B
ext

is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~B

ext

. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤ ⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T
2

. Thus we take tshot =
108s

min(106,
mac2T

2

⇡~ )
. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µB
ext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1
2 the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].



sterile neutrino
Loewenstein & Kusenko (2012)  

– 23 –

Fig. 8.— The shaded region in the mst− θ sterile neutrino parameter plane is generally excluded assuming
only the standard cosmological history below the temperature where production by neutrino oscillations
occurs. The region to the right of the solid line is excluded if all of the dark matter is composed of sterile
neutrinos produced by some (unspecified) mechanism.
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Figure 6. 3�4 keV band of the rebinned XMM-Newton spectra of the detections.The spectra were rebinned to make the excess at ⇠3.57
keV more apparent. (APJ VERSION INCLUDES ONLY THE REBINNED MOS SPECTRUM OF THE FULL SAMPLE).

nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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Non-trivial success!
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M
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 ≪ 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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region

m̃1 =
(m†

DmD)11
M1

di Bari, Plümacher,
Buchmüller
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Xiaochuan Lu, HM, arXiv:1405.0547

random mass matrices

no direct connection to CP violation in oscillation
but a plausibility test

N1(+2), N2(+1), N3(0)
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indirect evidences

• Are all mixing angles 
large-ish?

• Is CP violated in 
neutrino sector?

• Is neutrino Majorana?

• collect archaeological 
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SUSY breaking 
sector

messenger 
sector scalars ~100TeV

m3/2~10 eV

Hook, HM
gaugino~TeV

D-term of U(1) vector multiplet
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moduli
• If stabilized by low-energy 

SUSY breaking (~TeV), 
modulus may be very light

• moduli mass expected to be 
comparable to the gravitino 
mass

• modulus coherent oscillation 
can be dark matter (de 
Gouvêa, HM, Moroi, hep-ph/
9701244)
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It’s Λ, forget it!

• think about a theorist during inflation

• argues for anthropic view and discourage 
measuring w

• misses the opportunity to predict ns≠1, 
end of inflation

• the effect was a few percent

• You’ll be sorry if you didn’t
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Subaru Measurement of Images and Redshifts

• Subaru: 8.2 m, excellent seeing 0.6”

• FOV1.5° ~ 1000xHST, 100xKeck

• HyperSuprimeCam: imaging survey

• 0.9 B pixels, 3 ton camera

• billions of galaxies

• PrimeFocusSpectrograph: spectroscopy

• 2400 fibers, ~1400 sq. dg.

• ~4M redshifts

• imaging & spectroscopy on the same 
telescope: SDSS on powerful 8.2m!

Subaru

HSC PFS



2.3. PFS COSMOLOGY SURVEY 29

Figure 2.7: Expected accuracy of reconstructing the dark energy density parameter at each redshift,
⌦de(z) ⌘ ⇢de(z)/[3H2(z)/8⇡G], from the BAO-measured DA(z) and H(z) in Fig. 2.6. Here we considered
the cosmological constant (⇢de(z) = ⇢de0 =constant) and the flat universe (⌦K = 0) as the fiducial model.
Adding the PFS BAO constraints to the SDSS and BOSS constraints can reconstruct the dark energy density
up to z ' 2, and also significantly improve the accuracies of dark energy densities at low redshifts, as the
comoving distance in the high redshift arises from an integration of H(z).

quantity FoMde is the dark energy figure-of-merit defined in the Dark Energy Task Force Re-
port (Albrecht et al. 2006), which quantifies the ability of a given survey for constraining both
w0 and wa; FoMde ⌘ 1/[�(wpivot)�(wa)], which is proportional to the area of the marginalized
constraint ellipse in a sub-space of (w0,wa). Table 2.3 clearly shows that the PFS BAO can sig-
nificantly tighten the parameter constraints over the SDSS and BOSS surveys. Most interestingly,
the PFS has the potential to constrain the curvature parameter to a precision of 0.3%. If we can
detect a non-zero curvature, this would represent a fundamental discovery giving a critical con-
straint on the physics of the early universe, for example insight into different inflation scenarios
(Efstathiou 2003; Contaldi et al. 2003; Freivogel et al. 2006; Kleban & Schillo 2012).

Nature of dark energy
However, the parametrization (w0,wa) for the dark energy equation of state can cover only a narrow
range of dark energy models. Since we do not know much about the nature of dark energy and do
not have any compelling model of dark energy, we want to explore a broader range of dark energy
possibilities in a more model-independent way. The wide redshift coverage of PFS surveys, in
combination with the SDSS and BOSS survey, allows us to directly reconstruct the dark energy
density as a function of redshift solely based on the geometrical BAO constraints. To study this,
we use the Hubble expansion history parametrized in terms of dark energy density parameters in
each redshift bins:

H2(z) = H2
0

"
⌦m0(1 + z)3 � K

H2
0

(1 + z)2 +
⇢de,zi(z 2 zi)
⇢cr0

#
, (2.12)

where ⇢de,zi is the dark energy parameter in the redshift bin centered at zi. For the combined BAO
survey of SDSS, BOSS and PFS, we include the 9 dark energy densities, ⇢de(zi), given in 9 red-

model-independent


