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Neutrino	
  mass	
  splieng	

Neutrino	
  oscilla$on	
  data	
  (e.g.	
  Daya	
  Bay,	
  RENO,	
  KamLAND,	
  CHOOZ,T2K,	
  MINOS,KamLAND	
  etc	
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Δm21
2 = (7.54)×10−5eV 2, Δm31

2 = (2.47)×10−3eV 2  (Fogli et al (2012))Allowed Three-Neutrino Schemes

”normal” ”inverted”

different signs of ∆m2
31 ∆m2

32

absolute scale is not determined by neutrino oscillation data

C. Giunti Review of Neutrino Physics EUROnu 2011, RAL, 19 Jan 2011 12

Normal	
  Hierarchy	
  	
 Inverted	
  Hierarchy	
  	


Can	
  cosmology	
  dis$nguish	
  normal	
  and	
  inverted	
  hierarchy	
  scenarios?	
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Massive	
  neutrino	
  effects	
  on	
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  observables	


Ø  CMB	
  :	
  
Planck	
  
completed	
  the	
  observa$on	
  in	
  Oct	
  ,	
  2013.	
  (5x	
  all	
  sky	
  survey)	
  
	
  
Temperature,	
  CMB	
  lensing	
  
	
  
Ø  Photometric	
  galaxy	
  redshik	
  survey:	
  
LSST(Large	
  Synop$c	
  Survey	
  Telescope)	
  	
  
8.4	
  m	
  mirror	
  in	
  Chile,	
  opera$on	
  in	
  2022	
  
	
  
Galaxy	
  weak	
  lensing	
  tomography,	
  galaxy	
  distribu$on	
  C(l)	
  	
  
	
  
Ø  Spectroscopic	
  galaxy	
  redshik	
  survey:	
  
Euclid,	
  launch	
  in	
  2020	
  
	
  
P(k)	
  (including	
  redshik	
  space	
  distor$on)	
  
	
  
(Our	
  work	
  differs	
  from	
  the	
  others	
  in	
  that	
  we	
  combine	
  all	
  of	
  them	
  together	
  with	
  cross	
  correla$ons)	
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The	
  effects	
  of	
  massive	
  neutrinos	
  on	
  primary	
  CMB	


  

Fixed total matter density

∑ mν=1×1.2 eV

∑ mν=3×0.4 eV

∑ mν=0 eV

Current constraints from
CMB alone:

∑ mν<1.2 eV (95 %C.L.)

ΛCDM + neutrino mass
(7 parameters)

Komatsu et al. [WMAP7] 2010

Early ISW effect

Sound horizon shift

∑ mν<1.3 eV (95%C.L.)

Hinshaw et al. [WMAP9] 2012

	
  	
  	


No	
  Neutrino	
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eV-­‐mass	
  neutrinos	
  become	
  nonrela$vis$c	
  close	
  to	
  the	
  last	
  scamering	
  epoch	


ISW	
  effects	
  	




Lensing Effect on Temperature Power Spectrum 
The effect is a convolution between the lensing potential power spectrum and the 
unlensed anisotropies power spectrum: 

The net result is a 3% 
broadening of the CMB angular 
power spectrum acustic peaks  

About	
  3%	
  broadening	
  of	
  acous$c	
  peaks	
  
Planck	
  detected	
  at	
  25	
  sigma	
  
	
  	


T (x)→T (x +α)
α : deflection field
α=∇ψ

CMB	
  lensing	
  (c.f.	
  Lewis	
  &	
  Challinor	
  2006)	
  
CMB	
  lensing	
  cares	
  about	
  the	
  structure	
  growth	
  as	
  well	
  as	
  geometry	
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•  Free	
  streaming	
  scale:	
  
	
  Characteris$c	
  scale	
  within	
  which	
  perturba$on	
  cannot	
  grow.	
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Free-­‐streaming	
  erases	
  the	
  inhomogenei$es	
  



Massive	
  Neutrino	
  effects	
  on	
  Large	
  Scale	
  Structure	
  (c.f.	
  Lesgourgues&Pastor	
  06)	


Dark Energy/ Massive Neutrinos 

∑𝑚ఔ = 0.0 eV 

∑𝑚ఔ = 1.0 eV 

k×[Amplitude of gravitational potential]^2 

Massive neutrinos 

 At small scales, the density 
fluctuations of neutrinos do not grow, 
because of their velocity dispersion 

 Evolution of gravitational potential is affected by the properties of  dark energy 
(or modified gravity), massive neutrinos, etc 

Massive neutrinos do not contribute to 
the gravitational clustering, and the 
gravitational potential becomes weak  

(for details, see, e.g., Lesgourgues & Pastor’13) 

About 5% per mν  of ∑ 0.5eV

mν

ΔP
P

~ −8Ων

Ωm

 (Hu et al 1998)

δ∝ a1−3 fν /5( fν ≡Ων /Ωm )

k fs ~ 0.015 /Mpc
mν

0.05eV
!

"
#

$

%
&

1
1+ z
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δ ≡ ρ − ρ
ρ

P ~ δδ



Photometric	
  redshik	
  survey	
  	

•  Galaxy	
  weak	
  lensing	
  tomography	
  
	
  
The	
  distor$on	
  (shear)	
  depends	
  on	
  the	
  projected	
  mass	
  density	
  along	
  
the	
  line	
  of	
  sight	
  
	
  
Tomography:	
  Binning	
  in	
  redshiks	
  for	
  the	
  source	
  galaxies	
  (probe	
  on	
  
the	
  redshik	
  evolu$on	
  of	
  the	
  mass	
  density)	
  	
  
	
  
•  Galaxy	
  power	
  spectrum	
  C(l)	
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bias ≡ clustering of galaxies
clustering of dark matter

=
measurements

theory
P(k) = b2 (k)PDM (k),δgal = bδDM



Spectroscopic	
  redshik	
  survey:	
  	
  
3D	
  P(k)	
  (3D	
  in	
  redshik	
  space)	


Redshik	
  space	
  distor$on	
  (Kaiser	
  (1987))	
  
	
  
Real	
  Space	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Redshik	
  space	
  
	
  
	
  
	
  
	
  

Redshik	
  space	
  distor$on	
  from	
  longitudinal	
  modes	
  separates	
  out	
  the	
  bias	
  and	
  the	
  growth	
  	


12	


Coherent	
  infall	
  bulk	
  mo$on	
  of	
  galaxies	
  towards	
  the	
  halo	
  center	
  (overdense	
  region).	
  
(the	
  bias	
  parameter	
  comes	
  into	
  the	
  galaxy	
  distribu$on	
  but	
  not	
  in	
  this	
  galaxy	
  velocity)	
  
	
  
	
  
	


δgal = b+ fµ 2( )δDM
µ: angle between and k  and the line of sight,µ 2 = cos2θ = k||

2 / (k||
2 + k⊥

2 ),
f = growth rate = d lnD / d lna

growth factor:D(z) = P(k, z)
P(k, z = 0)
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Forecast	

•  Fisher	
  analysis	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Observables:	
  (all	
  the	
  auto	
  and	
  cross	
  correla$ons	
  into	
  account)	
  
•  Planck	
  CMB	
  
•  LSST-­‐like	
  photo-­‐z	
  surveys	
  (2D	
  galaxy	
  distribu$on,	
  galaxy	
  weak	
  lensing	
  (tomography))	
  
•  Euclid-­‐like	
  surveys	
  with	
  spectroscopic	
  data	
  (3D	
  galaxy	
  distribu$on)	
  

Cosmological parameters: fν (≡Ων /Ωm ),Neff ,Mmin,w,

and the standard cosmological parameters such as Ωch
2,ΩΛ )

Survey Observables fsky !min or kmin !max or kmax redshift bin
Planck CMB (T , E, ψ) 0.65 2 3000 —
LSST photo-z (g, γ) 0.5 2 500 5
Euclid spec-z (g3D) 0.2 10−4 h/Mpc knl 10

Table 4. The reference survey model in our analysis.

hosting the observed galaxies, which corresponds to the observational limits of each
survey. We here simply set Mmin = 1011.0M"/h for all redshifts.

The comoving survey volume is approximately defined as

Vs,i ! 4πfskyr(zc,i)
2dr

dz
∆zi (4.15)

where ∆zi denotes the width of i-th redshift slice.
For the range of the k-integration, we set the maximum wave-number kmax to

avoid using the nonlinear k modes. We used the criteria for the linear scale k < kmax

by demanding the amplitude of the smoothed density field σR(z) < 0.5, so that kmax =
π/(2R) for σR(z) = 0.5. The variance of the smoothed density field here is given by

σ2
R(z) =

1

2π2

∫

k2Pm(k)W (kR)2
D(z)2

D(0)2
dk, (4.16)

The function W (kR) is the top-hat window function, R is the smoothing scale, and D0

is the growth factor at the present time. For the minimum wave-number, we simply
choose kmin = 10−4 h/Mpc for all the redshift slices.

In combining the Fisher matrix of Pg(k) including both transverse and longitudi-
nal mode information and that of Cl including only the transverse mode information, to
avoid the complications in the full covariance matrix, we make a simplified assumption
that their transverse modes are fully correlated and take account of the common trans-
verse modes only once [83–85]. Accordingly, in our combining the spectroscopic galaxy
redshift survey with the photometric galaxy survey for an overlapping sky area, we re-
move the section around µ = 0 in integrating the Fisher matrix over µ not to over-count
the transverse modes in estimating the parameter uncertainties 6. This hence would
give us a conservative estimation for the total information by combining these mea-
surements and the actual cosmological parameter uncertainties would be smaller due
to the smaller cross correlations among the common transverse modes in Pg(k) and C!.

We put the constraints on the cosmological parameters by combining the upcom-
ing data from three kinds of the survey projects. The first is the CMB experiment by
the Planck satellite which provides the temperature anisotropies (T ), the E-mode po-
larization (E) and the weak lensing of the CMB (ψ; the lensing potential). The second

6More rigorous treatment to cross-correlate the three-dimensional and two-dimensional data will
be presented in our separate forthcoming paper.
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Figure 3: The relations between the minimum neutrino mass mν,min and the total neutrino mass
∑

mν . The thick solid curves show the predictions from the grand-based neutrino experiments [] for
the normal (red) and the inverted (blue) mass hierarchy, respectively. The filled curves represent
the estimated 1-σ CL regions from the information fully using the all observables, which means
“T , E, ψ, g, γ + spec-z”. We also plot the constraints from the other cases with symbols and
error-bars on some points, which correspond to mν,min = 10−2, 10−2 and 10−2 eV, for the purpose
of comparisons.

5.1 Distinguish the mass hierarchy

We so far assumed that the smallest neutrino mass is negligible. On the previous works, etc....
From Fig. 3, the constraints on the total mass

∑

mν saturate aroundmν,min ∼ 10−3 eV. Moreover
we can remark that the mass hierarchies can distinguish the 2-σ CL by the combination of the CMB
experiments by Planck and the LSS surveys by LSST, and adding the spectroscopic survey by Euclid
improve the constraints more.

In the large mass scale for the minimum mass, however it may become hard to distinguish the
tow hierarchies even by using all information considered in this work. For the tighter constraints
in these mass scales, we need the information on the smaller scales or the better knowledge on the
non-linear regimes.

19
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m
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Σ
m
ν
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] Normal
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95%; Planck+WP+BAO

Planck(T,E,ψ) + LSST(g2D,γ) + Euclid(g3D)

Figure 3: The projected error for the total neutrino mass
∑

mν as a function of the lightest neutrino
massmν,min for the normal (red) and inverted (blue) mass hierarchy scenarios. The thick solid curves
representing the fiducial

∑

mν for a given mν,min are obtained using the mass difference values from
the neutrino oscillation data (given by Eq. 1). The filled curves represent the estimated 1-σ CL
regions from the information fully using the all observables (T , E, ψ, g, γ, g3D), and we assume
the Planck experiment for CMB, the LSST survey for the galaxy clustering and the galaxy weak
lensing observables, and the Euclid survey for the 3-dimensional galaxy power spectrum.

Fig. 3 shows the predicted uncertainties in
∑

mν as a function of the lightest neutrino mass
(note the mass splittings are fixed to be consistent with the oscillation data whose values are given by
Eq. (1)). Our future cosmological observables we have been discussing can probe the sum of neutrino
masses and still will not be sensitive enough to differentiate each neutrino mass. Even though the
neutrino effects on the cosmological observables become bigger and hence a bigger total neutrino
mass results in the smaller parameter uncertainties, the distinction between the normal and inverted
mass patterns becomes harder for a sufficiently large mν,min leading to the quasi-degenerate mass
spectra m1 ∼ m2 ∼ m3. On the other hand, the smaller neutrino mass leads to the smaller effects
on the matter power and consequently to a bigger uncertainties in the parameter estimations. We
fortunately find that the neutrino mass splitting values provided by the current oscillation data give
a big enough sum of the neutrino masses, even with the lightest neutrino species being massless, for
the forthcoming cosmological experiments to be capable of distinguishing the normal and inverted
mass patterns with the predicted one-sigma uncertainties taken into account. Our analysis can
claim that the measurement of

∑

mµ from the future cosmological observations can distinguish the
normal and inverted mass hierarchy scenarios for mν,min ! 0.005eV without the overlap in the error

17

Takeuchi	
  and	
  K.K.	
  (2014)	
  

σ (Σmν ) ~ 0.02eV
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Uncertain$es	
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ma ~10
−22eV

ma ~10
−22eV −10−10eV

ma ~ H0 ~10
−33eV

ma, fa =Ωa /Ωm ~O(0.01)
ma ≤ H (t) : ρa = const
ma > H (t) : ρa ∝1/ a
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Power	
  spectrum	
  P(k)	


If oscillation starts during matter domination :  z osc~ m
2/3,k* ~ m1/3

If oscillation starts during radiation domination :  z osc~ m
1/2,k* ~ m1/2
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Lensing Effect on Temperature Power Spectrum 
The effect is a convolution between the lensing potential power spectrum and the 
unlensed anisotropies power spectrum: 

The net result is a 3% 
broadening of the CMB angular 
power spectrum acustic peaks  

21	
  cm	
  signals	
  
	


Cosmological	
  observables:	
  CMB	
  (including	
  lensing)	
  +	
  21cm	
  
(e.g.	
  Lewis	
  &	
  Challinor	
  2006)	
  

ΔP / P ~1/ N

Hyperfine	
  spin	
  flip	
  transi$on	
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Progress in Radio Technology

• Increase in receiving area and 
sensitivity

• But more importantly, revolution in 
digital electronics! In optical 
astronomy, this is the application of 
CCD

• The trend of large N (number of 
elements), small D (aperture) array

• There will be comparable progress in 
radio astronomy 

Square	
  Kilometer	
  Array	
  
(S.	
  Africa/Australia)	
  
Data	
  taking	
  around	
  2020.	
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Likelihood	
  analysis	

•  Fisher	
  forecasts:	
  CMB	
  +	
  21cm.	
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Figure 3: 1σ error contour for the ALP and neutrino fractions with respect to the total matter
fa, fν . The solid curves are the contours from both 21 cm and CMB observables while the dashed
curves are for the CMB alone. The fiducial values (fa, fν) = (0.05, 0.0044) for the normal neutrino
mass hierarchy is indicated by +.

on ALPs from the 21 cm observables because of lifting the degeneracies among the cosmological
parameters. For instance, the 21 cm alone without adding the CMB observables cannot constrain
the ALP parameters so well because of too strong degeneracies between As and xHI

both of which
affect the 21 cm power spectrum amplitude as given in Eq. 3.

The main goal of this paper is to clarify the power of the 21 cm observables to constrain the
ALP parameters, and our results are summarized in Fig. 4 which shows the 1σ uncertainties in the
ALP parameters for several representative ALP masses for fa = 0.05. The 1σ errors on the ALP
parameters fa, ma can be of order a few percent for the mass range to which the 21 cm signals are
most sensitive. The sensitivity of the cosmological observables to the ALP parameters, however,
depends on the fiducial values, and the errors for a smaller ALP fraction fa = 0.01 are shown
in Fig. 5. A bigger ALP fraction can imprint a bigger effect on the matter power, and hence a
smaller error is forecasted as expected. Despite such quantitative changes in the error estimations,
different ALP fraction cases share the common features: the 21 cm observables are most sensitive
to the ALP parameters when the ALP mass is around ma ∼ 107H0 which lets the ALPs start
oscillations in the 21 cm observable range as inferred from the Fig. 2 showing the significant
change in the matter power at the 21 cm observable scales 0.055 ! k ! 0.15 [Mpc−1] (equivalently
0.08h/Mpc! k ! 0.22h/Mpc). The sensitivity of the CMB observables to the ALPs increases on the
other hand up to the ALP mass of about 105H0 which corresponds to the oscillation starting around
the CMB last scattering epoch. For instance, we found numerically 2× 104H0 ∼ H(z = 1100) and
we can indeed see that σ(ma) does not improve so much by adding the 21 cm observables for the
mass around ma ∼ 104∼5H0, which implies that the CMB constraint on ma is dominant over that
from the 21 cm observables for this mass range. The CMB however starts losing its sensitivity to
the ALPs significantly for the larger ALP masses ma " 106H0 which initiate the oscillations well
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Figure 4: 1σ errors in fa and ma (the fiducial value fa = 0.05) for several fiducial values of ma in
terms of H0(≈ 2× 10−33 eV).
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are in terms of H0(≈ 2× 10−33 eV).

different masses, which is also left for future work.
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TABLE IV: Specifications for 21cm interferometers

Experiment Nant Min. base-
line (m)

f.o.v.
(deg2)

Ae (m2) at
z=6/8/12a

MWA 500 4 π 162 9/14/18
SKA 7000 10 π 8.62 30/50/104

LOFAR 77 100 2 × π 2.42 397/656/1369
FFTT 106 1 2π 1/1/1

aWe assume that the effective collecting area is proportional to
λ2 such that the sensitivity (Ae/Tsys in m2K−1) meets the design
specification.

• MID/PESS: A gradual reionization that spans a
range of redshifts, assuming the ionization param-
eter values that fit Model I simulation of the Mc-
Quinn et al. paper [28]

For the latter scenario, the ionization fraction x̄H is not
a linear function of redshift. For example, in in the Mc-
Quinn et al. [28] simulation, x̄H =0.9, 0.7, 0.5 and 0.3
correspond to redshifts z = 9.2, 8.0, 7.5 and 7.0, respec-
tively. For our different scenarios, we therefore adopt
the redshift ranges 6.8 < z < 10 that are divided into
four redshift slices centered at the above redshifts (OPT),
6.8 < z < 8.2 split into three bins centered at z=7.0, 7.5
and 8.0 (MID), 7.3 < z < 8.2 split into two slices centered
at z = 7.5 and 8.0.

F. Assumptions about cosmological parameter
space

Since the impact of the choice of cosmological param-
eter space and related degeneracies has been extensively
studied in the literature, we will perform only a basic
analysis of this here. We work within the context of
standard inflationary cosmology with adiabatic pertur-
bations, and parametrize cosmological models in terms
of 12 parameters (see, e.g. , Table 2 in [45] for explicit
definitions) whose fiducial values are assumed as follows:
Ωk = 0 (spatial curvature), ΩΛ = 0.7 (dark energy den-
sity), Ωb = 0.046 (baryon density), h = 0.7 (Hubble pa-
rameter H0 ≡ 100h kms−1 Mpc−1), τ = 0.1 (reionization
optical depth), Ων = 0.0175 (massive neutrino density),
ns = 0.95 (scalar spectral index), As = 0.83 (scalar fluc-
tuation amplitude), r = 0 (tensor-to-scalar ratio), α = 0
(running of spectral index), nt = 0 (tensor spectral in-
dex) and w = −1 (dark energy equation of state). We will
frequently use the term “vanilla” to refer to the minimal
model space parametrized by (ΩΛ, Ωmh2, Ωbh2, ns, As, τ)
combined with x̄H(z) and ionization parameters at all
observed z-bins, setting Ωk, Ωνh2, r, α, nt, and w fixed at
their fiducial values.

G. Assumptions about Data

The MWA, LOFAR, SKA and FFTT instruments are
still in their planning/design/development stages. In
this paper, we adopt the key design parameters from
[29] for MWA, [30] and www.skatelescope.org for SKA,
www.lofar.org for LOFAR, and [11] for FFTT unless ex-
plicitly stated.

1. Interferometers

We assume that MWA will have 500 correlated 4m×4m
antenna tiles, each with 16 dipoles. Each individual tile
will have an effective collecting area of 14 m2 at z = 8 and
18 m2 at z ! 12. LOFAR will have 77 large (diameter
∼ 100 m ) stations, each with thousands of dipole anten-
nae such that it has the collecting area nearly 50 times
larger than each antenna tile of MWA. Each station can
simultaneously image N regions in the sky. We set N = 2
in this paper but this number may be larger for the real
array. The design of SKA has not been finalized. We
assume the “smaller antennae” version of SKA, in which
SKA will have 7000 small antennae, much like MWA,
but each panel with much larger collecting area. FFTT
stands for Fast Fourier Transform Telescope, a future
square kilometer array optimized for 21 cm tomography
as described in [11]. Unlike the other interferometers we
consider, which add in phase the dipoles in each panel
or station, FFTT correlates all of its dipoles, resulting
in more information. We evaluate the case where FFTT
contains a million 1m × 1m dipole antennae in a con-
tiguous core subtending a square kilometer, providing a
field-of-view of 2π steradians.

For all interferometers, we assume that the collect-
ing area Ae ∝ λ2, like a simple dipole, except that Ae

is saturated at z ∼ 12 in MWA since the wavelength
λ = 21(1+ z) cm exceeds the physical radius of an MWA
antenna panel. The summary of the detailed specifica-
tions adopted in this paper is listed in Table IV.

2. Configuration

The planned configurations of the above-mentioned in-
terferometers are quite varied. However, all involve some
combination of the following elements, which we will ex-
plore in our calculations:

1. A nucleus of radius R0 within which the area cov-
erage fraction is close to 100%.

2. A core extending from radius R0 our to Rin where
there coverage density drops like some power law
r−n.

3. An annulus extending from Rin to Rout where the
coverage density is low but rather uniform.
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λ ≡ a(t0 ) dtv(t) / a(t)
tdec

t0
∫ = a(t0 )a(tdec )v(tdec ) dt1/ a2 (t)

tdec
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a ~ t1/2,a ~ t2/3

v(tdec ) ~ T (tdec ) /m
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Λ3 χχqq
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  operators	
  	


χ

χ

q
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  events	
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  @7TeV	
  
Pt>110GeV,|η|<2.4	
  
Missing	
  transverse	
  energy	
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(Madgraph/Madevent,	
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Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

Tevatron, LHC: Mono-jets
�–q coupling probed in jet(s) + /

E

T

q

q̄

�

�̄

CDF (1.1 fb�1): 0807.3132,
ATLAS (1 fb�1): ATLAS-CONF-2011-096,
CMS (1.1 fb�1) : CMS-PAS-EXO-11-059
Goodman Ibe Rajaraman Shepherd Tait Yu

1005.1286, 1008.1783
Rajaram Shepherd Tait Wijangco 1108.1196
Bai Fox Harnik, 1005.3797
Fox Harnik JK Tsai 1109.4398

LEP, Tevatron, LHC: Mono-�
�–f coupling probed in photon + /

E

f

f̄

�

�̄

DELPHI (650 pb�1): hep-ex/0406019, 0901.4486
CDF (2 fb�1): 0807.3132
DØ(1 fb�1): 0803.2137
CMS (1.14 fb�1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398

Joachim Kopp Collider searches for dark matter 6
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  moment:	
  Coupling	
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  to	
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χ χψ+

φ− φ−

γ

χ χ

γ

ψ+

φ−

ψ+

Figure 1: One-loop contributions to DM dipole moment due to a charged fermion-scalar pair.

χχ
ψ+

φ−

Figure 2: One-loop contribution to DM mass due to a charged fermion-scalar pair.

with the same approximate form for µχ. There might be some worry that loops involving these heavy

charged intermediaries, shown in Figure 2, would push the natural DM mass beyond the MeV or GeV

scale. The contribution from this diagram is

δmχ ≈
g2M

16π2
. (3)

The important feature of this expression is that decreasing the coupling g between DM and the heavy

intermediaries decreases the effective scale contributing to the DM mass. However, this decrease in g

actually increases the effective scale contributing to the DM dipole moment. This means that for a generic

set of heavy charged intermediaries, a large effective dipole scale does not imply a large mass contribution,

provided the coupling with DM is small. For example, a charged fermion-scalar pair with M ≈ 500 GeV

and g ≈ 0.2 would contribute δmχ ≈ 100 MeV and dχ ≈ 3 × 10−4 TeV−1. As we will show in section

4, the enhanced cross-sections of dipole interactions at low momentum transfer make them the strongest

candidate for detection with CDMSLite, with experimental sensitivity to effective mass scales ! 103 TeV.

2.2. Effective Pointlike Vertex

The next simplest extension is the dimension-six effective four-fermion vertex, which corresponds to

the exchange of a very massive mediator (such as a scalar or vector) which is then integrated out of the

theory. An example is the vector-channel operator

4

µ ~ eg
2

M

µ ≡ 1
Λ

LMDM ~ −
i
2
µχσ µν χFµν page 1/1

Diagrams made by MadGraph5_aMC@NLO
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e+e− → χχγ

cosθγ < 0.995,Eγ > 8GeV

Eγ  peaks @242GeV, 496GeV  for s = 500GeV,1TeV
Eγ < 220GeV,Eγ < 450GeVP(e+,e− ) = (−30%,+80%)

Nsig + Nbag −1.64 Nsig + Nbag > Nbag +1.64 Nbag

Main	
  SM	
  Background	
 e+e− →ννγ

(Madgraph/Madevent)	
45	




Core-Collapse Supernovae and Neutrinos
2014.2.18 @ Nagoya Univ.

Hideyuki Suzuki, Tokyo Univ. of Science

SN1987A

0-0

Supernova	

Stellar Evolution and Supernovae

H

M>8M
Mass Loss

Collapse

He CO ONeMg Fe Si

Neutron Star
Black Hole

Main Sequence

Type Ia Supernova Collapse-driven Supernova
White Dwarf

Companion

Binary

Massive Star (M > 8M!)
Main Sequence (H burning)

⇒ Onion Skin Structure
⇒ “Fe” core + envelop (mass loss might be occurred)
⇒ Core Collapse
⇒ Neutron Star(or Black Hole) + Supernova Explosion

with H envelop (Type II SN), without H envelop(Type Ib),
without H/He envelop(Type Ic)

0-1

SN	
  1987A	


46	




The produced DM can escape the SN core if their mean free path is larger than the core size (of
order 10 km), enhancing the SN cooling rate. Such cooling due to the light DM can shorten the SN
neutrino signals. For e−(p1)e+(p2) → χ(p3)χ̄(p4), the emissivity, the energy emitted per time and
volume, is

Ė =

∫

dΠi=1,4
d3pi

2Ei(2π)3
(2π)4δ4(p1 + p2 − p3 − p4)f1f2(1− f3)(1− f4)|M |2(E3 + E4) (3)

where fi = [e(Ei−µi)/Tc +1]−1 is the Fermi-Dirac distribution function. The matrix element squared,
summed over the initial and final state spins, for the magnetic dipole interaction becomes

|M |2 =
64µ2e2

q4
(p1 · p2)[(p3 · p2)(p4 · p2) + (p3 · p1)(p4 · p1) +m2

χ(p1 · p2)] (4)

where q = p1 + p2, mχ is the DM mass. We for simplicity ignore the electron mass me #
√
s in

our analysis (s is the usual Mandelstram varaibale representing the center of mass energy squared).
Performing the phase space integration under the constraint s ≥ 4m2

χ for the kinematic reason,

Ė =
2απ2µ2

3

∫ ∞

4m2
χ

ds

∫ ∞

√
s

dE+

∫

√
E2

+−s

−
√

E2
+−s

dE−sE+f1f2

√

1−
4m2

χ

s

[

1 +
8m2

χ

s

]

(5)

f1 =
1

e(E++E−−2µe)/(2Tc) + 1
, f2 =

1

e(E+−E−+2µe)/(2Tc) + 1
(6)

where α is the fine structure constant and we assume the complete final-state phase space is es-
sentially available and ignore the Pauli blocking factors of the DM for simplicity. In deriving the
above expression, we changed the variables (E1, E2, θ) to (E+ = E1 + E2, E− = E1 − E2, s =
2m2

e +2E1E2− 2p1p2 cos θ) (θ is the angle between the three momenta p1,p2, and p = |p|). We nu-
merically integrate Eq. 5 to obtain the upper bounds on the dipole moment. To obtain the reliable
upper bounds on the dipole moment from the SN energy loss rate, one would need to implement the
additional enegy loss channel given above into a SN simulation code for various DM mass values.
For the purpose of our paper to illustrate the compatibility of the astrophysical (SN) and collider
(ILC) constraints on the DM properties, we instead perform the analytical estimation by applying
the conventional Raffelt criteria which requires the emissivity for the new energy loss mechanism
to be less than 1019 erg/g/s not to invalidate the SN 1987A neutrino signals [48, 49, 50].

2.4 Results

The potential ILC sensitivity on the DM magnetic dipole moment is shown in Fig. 1 for the
polarized beams of electron and positron with the polarization P (e+, e−) = (−30%,+80%) for√
s = 500 GeV and 1 TeV. The figure shows the bounds for

√
s = 500 GeV with the integrated

luminosity 250/fb and
√
s = 1 TeV with the integrated luminosity 500/fb. The improvement on the

dipole moment upper bounds is about 30% by changing from (500 GeV, 250/fb) to (1 TeV, 500/fb).

4

Raffelt	
  criteria:	
  	


DM	
  trapping:	
  	
  	
 λ ~1/ nσ ~10km

TASI in Elementary Particle Physics, Boulder, CO, June 2006John Beacom, The Ohio State University

Supernova Neutrino DetectionSupernova Neutrino Detection

Supernova physics (models, black holes, progenitors…)

Particle physics (neutrino properties, new particles, …)

IMB

KamII

Turner(1988),	
  Ellis	
  et	
  al(1988),	
  Barbieri	
  and	
  Mohapatra	
  (1989),	
  Lau(1993),	
  Dreiner	
  et	
  al	
  (2003),Keung	
  et	
  al	
  (2013),…	


Energy loss rate <1019  erg/g/s
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Figure 1: The bounds on the DM magnetic dipole moment from the ILC and the SN. The regions
above the ILC solid lines can be excluded from the mono-photon signal search. The SN energy loss
due to the freely streaming DM excludes the region above the SN solid line due to the excessive
cooling and below the dotted line representing the DM trapping in the core.

The sensitivity of the collider constraints on the DM mass is small because
√
s " mχ, and indeed

increasing the beam energy does not improve the constraints so much and the improvement mainly
comes from the increase in the integrated luminosity. The energy loss per time per mass of the SN
is Ė/ρ with ρ being the mass density and the SN cooling constraints on the dipole moment from
the Raffelt criterion Ė/ρ < 1019 erg/g/s is shown in Fig. 1. In our estimation, for concreteness,
we use the constant density of ρ ∼ 3 × 1014g/cm3, the core temperature Tc = 30 MeV and the
electron chemical potential µe = 200 MeV 3. The SN emission rate is not so sensitive to the DM
mass when m % Tc, but its sensitively rapidly decreases once the DM mass exceeds O(102) MeV
for a typical core temperature of Tc ∼ 30 MeV for the kinematic reason. The SN bounds on the
magnetic dipole moment turn out to be much tighter than those from the ILC for the lower mass
range of mχ ! 102 MeV by about a factor 105. Because of the available energy range characterized
by the core temperature Tc ∼ O(10) MeV in the SN, however, the SN loses its sensitivity to a
heavier dark matter mass exceeding a few hundred MeV where the ILC bounds can complement
the SN bounds.

Before concluding our discussion, let us point out that the dipole constraints from the SN
cooling in this paper are based on the energy emission rate due to freely streaming DM. For a
sufficiently large dipole moment, however, the DM diffuses instead of free streaming and, to con-

3There is O(1) factor uncertainty in the SN parameters which should be clarified from the detailed numerical
simulations [48, 51]. We checked using µe = 300 MeV instead of 200 MeV for instance increases the upper bound of
the dipole moment by about a factor 2 for mχ < 100 MeV, but our qualitative conclusion does not change due to
those order unity uncertainties.
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