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Direct	detec/on	experiments	


29 Jan 14 Feng 31


THE FUTURE


• Cosmology and dark matter 
searches can’t prove it’s 
SUSY


• Particle colliders can’t prove 
it’s DM


Lifetime > 10 �7 s Æ 1017 s ?


If there is a signal, what do we learn?


Snowmass	2013	


solar	neutrino	


Mo/va/on	for	sub-GeV	


atmospheric	neutrino	


3


of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵


(r)/r. Z
e↵


(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.


The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n


e


, (unobserved)
scintillation photons, n


�


, and heat. To calculate n
e


, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N


i


, and
a number of excited atoms, N


ex


, whose initial ratio is
determined to be N


ex


/N
i


⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f


R


, is essentially zero at low energy,
resulting in n


e


= N
i


and n
�


= N
ex


. The fraction, f
e


,
of initial quanta observed as electrons is therefore given
by f


e


= (1 � f
R


)(1 + N
ex


/N
i


)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E


er


/W , where E
er


is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f


R


and N
ex


/N
i


, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N


ex


/N
i


= 0.2, f
R


= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f


R


< 0.2, 0.1 < N
ex


/N
i


< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N


ex


/N
i


are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f


R


is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].


We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E


er


/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n


e


= n0


e


+ n00


e


, where n0


e


represents the
primary electron and is thus 0 or 1 with probability f


R


or (1 � f
R


), respectively, and n00


e


follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e


. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).


mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F


DM


= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R


, N
ex


/N
i


and W , as described above, and illustrates
the theoretical uncertainty.


RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m


DM


-�
e


plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F


DM


= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by


Essig	et	al	(2012)	
Essig	et	al	(2015)	
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Light	Dark	Ma8er	in	Cosmology		
	
"Cold",	"Warm","Hot"	coined	in	1983		
(J.	Bond,	J.	Centrella,	A.	Szalay,	J.	Wilson,	and	J.	Primack,	G.	Blumenthal)	
	
"Cold"									Typically	mass	above	MeV	(but	depends	on	couplings	too),	ree	streaming	unimportant	
																					e.g.	SUSY	weak	scale	neutralino		
	
"Warm"						fluctua/ons	smaller	than	galaxy	size	~	10**11	solar	mass	get	erased	out	
																					e.g.	serile	neutrino	with	the	mass~	keV			
	
'Hot"											fluctua/ons	smaller	than	supercluster	size	~	10**15	solar	mass	get	erased	out	
																				e.g.		SM	neutrinos	
	


λν ~Ο(10
3)(0.1eV /mν )Mpc MFS ~ ρ λ / 2( )3 ~Ο(1019 )(0.1eV /mν )


2 (10−1 /Ων )Msun


[hC
p://


www
.cta


c.uz
h.ch


/gal
lery


/]	


HOT	 WARM	 COLD	


More involved for non-thermal spectra!!!	


But what about structure formation?!?	
3.	Non-thermal	producWon	mechanisms	







Free	streaming	scale	


λ ≡ a(t0 ) dtv(t) / a(t)
tdec


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


tdec


t0
∫


a ~ t1/2,a ~ t2/3


v(tdec ) ~ T (tdec ) /m


Free	streaming	length	(c.f.	Kolb	and	Turner)	


IBS-Mul/Dark-IPPP,	Nov	2016		Kenji	Kadota	(IBS)	


In the above integration, the time dependence of gs was assumed to be small. This assumption
would be reasonable during the decay of the radion which dominantly occurs around T ∼ mr (the
electroweak scale). The most of the higher KK states which could possibly have a non-negligible
effect on dgs(T )/dT are not energetically accessible around the conformal symmetry breaking energy
scale when the composite particles appear. More detailed studies of the physics around the phase
transition period will be presented in our future work 9. Matching mNY to the current matter
density value ρm/s ∼ 0.4× 10−9GeV [43] gives an estimation of


λ2 ∼ 0.3× 10−20


(


1MeV


mN


)


( mr


100GeV


)


(27)


5 Examples


Let us now discuss a few concrete examples for the illustration purpose. For definiteness, we set
1/R to be the Planck scale and use the values for the radion mass and Majorana mass parameter
as mr = 300 GeV and dM = 1. There then remain only two free parameters which are relevant for
the dark mater abundance constraint Eq. (27): Λr(≡


√
6/R′) and the bulk mass parameter cN for


the bulk sterile (right-handed) neutrino.
For the case of the Planck brane localized Majorana mass, we can, for instance, take (cN , Λr) ∼


(−0.28, 10 TeV) (corresponding to 1/R′ ∼ 4 TeV) to satisfy Eq. (27). This in turn gives (mN ,λ) =
(17 keV, 7× 10−10) for a warm dark matter candidate, which were obtained by integrating the 5D
wave functions over the fifth dimension using Eqs. (15, 18) for the radion decay channel r → NN
arising from the term λr(x)N(x)N(x). For the case of the TeV brane localized Majorana mass,
the choice of (cN , Λr) ∼ (0.63, 1 TeV) (corresponding to 1/R′ ∼ 0.4 TeV), for instance, gives us
(mN ,λ) ∼ (5 MeV, 4 × 10−11) so that this case corresponds to a cold dark matter scenario. Note
we could obtain these small 4D parameters mN and λ without fine-tuning our free parameters in
our 5D model thanks to the exponential suppressions coming from the warp factors and small wave
function overlaps in the extra dimension.


We also have the constraints from the Lyman-α forest analysis which gives a lower bound for the
dark matter mass to ensure the enough small scale structures [23]. The Lyman-α forest constrains
the free-streaming length of the dark matter which in turn gives a constraint on the mass of the dark
matter particles. The relation between the free-streaming length and the mass however depends on
the production mechanism affecting the average momentum of the dark matter particles ⟨pN⟩. For
a simple estimation of the free-streaming length [44, 45]


λFS ∼ 1Mpc


(


keV


mN


) (


⟨pN⟩
3.15T


)


|T≈1keV (28)


For the sterile neutrinos produced from the active-sterile neutrino mixing mechanism, ⟨pN⟩ ≈ 2.8T
[46], while the average momentum for the relativistic fermions in equilibrium is ⟨pN⟩ ≈ 3.15T . The


9For instance, in our simple numerical estimations, we neglected the effects of the the thermal mass corrections
whose significance would depend on the nature of the electroweak and conformal symmetry breaking phase transitions
[42].
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z = 1 +
x2
N


4x2
(33)


The asymptotical solution (xN ! 1) becomes


f(x) = �
8�M0


3m2
2


x2


Z 1


1


dz
(z � 1)3/2


exz � 1
(34)


The corresopnding number density is


Z
d3p


(2⇡)3
f(p) =


3��M0⇣(5)


4⇡m2
2


T 3 (35)


and the average momentum just after the decay is (i have checked this June 13 )


hp(t)i =
R
d3ppf(p, t)R
d3pf(p, t)


=
⇡7


672
9
16⇡⇣(5)


=
⇡6


378⇣(5)
T ⇠ 2.45T (36)


This shuold be compared with the thermal case < p >= 3.15T . Using the matheamtica
(d3p = 4⇡p2) Integrate[x4 ⇤ (z � 1)(3/2)/(Exp[x ⇤ z]� 1), x, 0, Infinity, z, 1, Infinity]


Z 1


0


dxx4


Z 1


1


dz
(z � 1)3/2


exz � 1
=


9


16
⇡⇣(5) (37)


Similarly, for hpi, use
Z 1


0


dxx5


Z 1


1


dz
(z � 1)3/2


exz � 1
=


⇡7


672
(38)


[89] uses


�FS ⇠ 840kpc/h
keV


mS


hpsi
3.15T T⇠1keV


(39)


the mass scale within the free streaming scale is [89]


MFS ⇠ 2.6⇥ 1010M�/h


✓
⌦mh


2


0.14


◆✓
keV


mN


◆3 ✓hp/T i
3.15


◆3


(40)


[89];A thermal WDM particle is de- fined such that p/T/3.15 1. Due to the thermal
history of the universe during production, the standard non-resonant production mechanism
produces a cool sterile neutrino distribution, p/T /3.15 0.9 [13], while the resonant production
mechanism enhances low-p pro- duction, and p/T /3.15 0.6, depending sensitively on the mass
of the neutrino and initial lepton number [11].


[152] uses (same as above becayse h 0.7)


�FS ⇠ 1.2Mpc
keV


mS


hpsi
3.15T T⇠1keV


(41)


9


(e.g.	Dodelson-Widrow:	<p>~2.7	T)	
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Figure 19. Limits on the mixing angle sin2(2✓) as a function of sterile neutrino DM mass. The
bounds are based on the works [270, 449, 466, 469, 480, 499, 500, 500, 501, 503, 504, 776, 780–
784, 787–789, 791, 792, 794, 795, 854]. All bounds are smoothed and additionally divided by a factor
of 2 to take into account possible uncertainties in the DM content of a given object. A lower bound
on sin2 ✓ for a given DM mass can be imposed if the DM is produced via active-sterile mixing, see
section 5.1.3, but is model dependent.


the Milky way [482].
A difficulty in interpreting the origin of a weak emission line is inherent uncertainty


in the astrophysical backgrounds, in particular in the flux of plasma emission lines. The
strongest uncertainty comes from two potassium lines, K XVIII at 3.47 and 3.51 keV. Given
the spectral resolution of the XMM-Newton, within the systematic uncertainty the flux could
be attributed to emission from these K XVIII plasma lines. Ref. [1026] argued that considering
a larger range of plasma temperatures reduces the tension between the observed 3.5 keV line
flux in clusters and the expectations from known plasma lines (see however the subsequent
discussion in [806, 807, 1029]). The interpretation of the 3.5 keV line as a plasma line would
imply that its surface brightness profile must trace the density of the plasma (more precisely:
the distribution of potassium). If it is a DM line it should, on the other hand, trace the
overall distribution of DM, which dominates the gravitating matter in Perseus and other
clusters. This point is disputed: While the analysis in [471] suggests that the line traces
the overall matter distribution (pointing towards DM), the authors of [1033] conclude that
the morphology is incompatible with the DM interpretation. The Potassium interpretation
also cannot explain the origin of the line in the Andromeda galaxy reported in [184], the
significance of which is, however, disputed [806, 1026].


Systematic errors in instrumental calibration and/or systematics induced by the analysis
procedure may impact the significance of weak lines. The calibration systematics was explored
in [482] who demonstrated that no line is detected in an extremely long exposure combination
of the off-center observations of the Milky way (“blank sky” dataset). A 3.5 keV line is not
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A	concrete	example	for	the	warm	dark	ma8er:	keV	Sterile	Neutrinos	
	
Dodelson-Widrow	mechanism:	Thermal	ac/ve	neutrinos	conversion	to	steril	neutrinos	


L = −yNLH −
1
2
MNN θ =


y H
M


Drewes	et	al	(2016	


X


PP


X


Figure 16. Evolution of the phase space density in time: initially occupying the compact region (left
panel) particles spread over the phase space (right panel). The volume remains intact, but the coarse
grained phase space density decreases in the dense regions.


which are provided by observations of the stellar dynamics in the smallest structures, dwarf
spheroidal galaxies, [378]


Q = (0.005 � 0.02)
M�/pc3


(km/s)
. (4.4)


The galaxies are compact and dim with mass strongly dominated even in the central part by
the DM component. Hence, one has ⇢0 = MX nX with nX standing for the number density
of the DM particles in the galaxy center. For the spheroidal dwarfs one can substitute
hv2


ki = hv2i/3, where hv2i is the average squared velocity. For the DM particles with average
squared momentum hp2i = M2


Xhv2i.
Collecting all terms together we arrive at


Q = 33/2 M4
X


n


hp2i3/2 ' 33/2 M4
X f̃(p,X, t0) ,


where in the last equality we used the phase space distribution of DM particles in the galaxy
center, x ' 0 at present, t = t0. Then from eq. (4.3) we obtain the lower limit on the DM
particle mass known as the Tremaine–Gunn-type bound [74],


MX &
✓


Q


33/2 maxf̃i


◆1/4


This bound is valid for both bosons and fermions, but maxf̃i of course depends on the pro-
duction mechanism. For the former it supersedes what we have above from the de Broglie
waves, while for the latter it coincides with that from the Pauli principle if maxf̃i reaches the
critical value (4.1), but generally is somewhat more restrictive given maxf̃i in the denomina-
tor. Applying this limit to the sterile neutrino nonresonantly produced in the early Universe
with the corresponding spectrum (see Sec. 5.1), one obtains:


MX & 6 keV
✓
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.


W±


�


⌫e
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N Ue


Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.


panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [485, 766]


�N!�⌫a =
9 ↵ G2


F


256 · 4⇡4
sin2 2✓ m5


s = 5.5 ⇥ 10�22✓2
h ms


1 keV


i5
s�1 . (4.13)
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f (T, p) = dT ' fth (T ', p)C(T ', p)
T


∫


d
dt
f (T, p) =Collision term=C(T, p)[ fth − f ]


f (T, p) ~ F gs( ) dT 'C(T ', p)
T


∫


e.g.	DW	scenario	


g S A
=
gS (Tini )− gS (Tfinal )


2
g S int


=
1


Tini −Tfinal
dTgS (T )


Tini


Tfinal


∫


Figure 3: Numerical and approximative distributions for pure electron mixing (with the
angle fixed to obtain the relic abundance) and a sterile neutrino mass of 2 keV.


Let us assume that this species decouples at a temperature where the background plasma


counts gdec entropy d.o.f.


Calculating the relic abundance for this species, we find the relation:


⌦
w


h2 =
45⇣ (3)


2⇡4
s0


h2


⇢crit


g
w


gdec


✓
T
w


T
�


◆3


m
w


⇥
(
3/4 for a fermionic species,


1 for a bosonic species,
(18)


where h = H0/ (100 kms�1Mpc�1), ⇢crit is the critical density of the Universe, and s0 is


today’s entropy density. For a thermal species in the mass range of some keV to MeV, we


can safely assume that it has become non-relativistic at matter-radiation equality, such


that the average velocity at this epoch is given by:


⌦
v
�
T eq
�


�↵
=


R
d3p


(2⇡)3
p


mw
f
w


(p) g
w


R
d3p


(2⇡)3
f
w


(p) g
w


=
⇡2


30


g
w


n


T 4
w


m
w


⇥
(
7/8 for a fermionic species,


1 for a bosonic species.
(19)


Expressing the inverse of the number density by the abundance ⌦
w


h2 and mass m
w


, we
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n = d3p
2π( )3


∫ f (p)


z = 1 +
x2
N


4x2
(33)


The asymptotical solution (xN ! 1) becomes


f(x) = �
8�M0


3m2
2


x2


Z 1


1


dz
(z � 1)3/2


exz � 1
(34)


The corresopnding number density is


Z
d3p


(2⇡)3
f(p) =


3��M0⇣(5)


4⇡m2
2


T 3 (35)


and the average momentum just after the decay is (i have checked this June 13 )


hp(t)i =
R
d3ppf(p, t)R
d3pf(p, t)


=
⇡7


672
9
16⇡⇣(5)


=
⇡6


378⇣(5)
T ⇠ 2.45T (36)


This shuold be compared with the thermal case < p >= 3.15T . Using the matheamtica
(d3p = 4⇡p2) Integrate[x4 ⇤ (z � 1)(3/2)/(Exp[x ⇤ z]� 1), x, 0, Infinity, z, 1, Infinity]


Z 1


0


dxx4


Z 1


1


dz
(z � 1)3/2


exz � 1
=


9


16
⇡⇣(5) (37)


Similarly, for hpi, use
Z 1


0


dxx5


Z 1


1


dz
(z � 1)3/2


exz � 1
=


⇡7


672
(38)


[89] uses


�FS ⇠ 840kpc/h
keV


mS


hpsi
3.15T T⇠1keV


(39)


the mass scale within the free streaming scale is [89]


MFS ⇠ 2.6⇥ 1010M�/h


✓
⌦mh


2


0.14


◆✓
keV


mN


◆3 ✓hp/T i
3.15


◆3


(40)


[89];A thermal WDM particle is de- fined such that p/T/3.15 1. Due to the thermal
history of the universe during production, the standard non-resonant production mechanism
produces a cool sterile neutrino distribution, p/T /3.15 0.9 [13], while the resonant production
mechanism enhances low-p pro- duction, and p/T /3.15 0.6, depending sensitively on the mass
of the neutrino and initial lepton number [11].


[152] uses (same as above becayse h 0.7)


�FS ⇠ 1.2Mpc
keV


mS


hpsi
3.15T T⇠1keV


(41)
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Figure 2: Parameter space for pure DW production before applying limits from structure
formation with isoabundance lines for numerical limits and approximative results.


conservative bound dubbed hyp, see Sec. 3) as well as the Tremaine-Gunn bound. In all


three cases, using a meaningful average hg
S


i can lead to an overestimate of the square


of the mixing angle by about half an order of magnitude when fixing the abundance


to the current best-fit value from Planck [1]. To complete this discussion, we show the


numerical distribution function as compared to the estimated ones in Fig. 3. We have


chosen a mass of M1 = 2keV and pure e-mixing since, according to Fig. 2a, this is about


the maximum mass that can reproduce the observed relic abundance without violating


the most conservative hyp X-ray limit. Of course we anticipate that all these spectra will


not be in agreement with bounds from Ly-↵ observations. Nonetheless, we will show the


e↵ect of only estimating the distribution for the sake of completeness.


Before advancing to more sophisticated analysis methods in Sec. 4, let us here present


a simple way to estimate the compatibility of DW production and structure formation.


We will derive a translation between the mass of a non-thermally produced DM particle


with mass M1 and a thermal relic with mass m
w


, such that the implications for structure


formation are roughly the same. Such a translation can already be found in [105, Eq. (12)].


While we could not reproduce the exact numerical coe�cients of [105, Eq. (12)], because


the assumptions made to obtain it are not given explicitly in that paper, we present the


most relevant steps of the derivation in a fully parametric way, i.e. keeping all model


dependent parameters in the final result.


The rationale behind our translation is the idea that the average velocity of the DM


particles at a certain time after production is a good indicator for structure formation.


Let us thus first analyse a thermally produced species of mass m
w


and g
w


internal d.o.f.


that has a temperature T
w


(which may deviate from the plasma temperature T = T
�


).
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FIG. 1.


(need to comment on Ly-alpha) The X-ray observations
exclude larger mixing angles for a given dark matter
mass. For instance, ✓21 larger than 10�8 � 10�11 for
M1 = 2 keV � 10 keV, which rules out the most pa-
rameter regions for the Dodelson-Widrow dark matter
production scenario [15].


While the various alternative production mechanisms
have been studied in the literature, we study a simple sce-
nario where N1 is produced from the decay of N2 and/or
N3 which are thermally produced beforehand. In the fol-
lowing discussion, since N2 and N3 play the same roll in
producing N1, we will consider only N2 case.


The relevant processes for N2 to reach the thermal
equilibrium are (a) N2L $ Q3t mediated by s-channel
Higgs boson and (b) N2Q3 $ Lt and N2t $ LQ3 me-
diated by t-channel Higgs boson, where L,Q3 and t are
a charged lepton, the third generation of the quark dou-
blet and the right-handed top quark, respectively. 2 The
Boltzmann equation for N2 is given by


dnN2


dt
+ 3HnN2 = C(a) + C(b) (5)


where C(a) and C(b) are the collision terms of the pro-
cesses (a) and (b), respectively. Their explicit expres-
sions can be found in Ref. [16]. The Hubble param-
eter H is given by H = (g⇤⇢⇡2/90)1/2(T 2/MPl) with
MPl ' 2.4 ⇥ 1018 GeV being the reduced Planck mass,
where g⇤⇢ is the numbers of degrees of freedom for the
energy density.


2 Although there also exist other processes involving gauge bosons,
they are small compared to the processes involving top quarks.


There are three distinct regions shown in Fig. 1, de-
pending on the thermalization and freeze-out of the N2.
When the reaction rate, r ⌘ [C(a) + C(b)]/neq


N2
with


neq
N2


= (M2
2T/⇡


3)K2(M2/T ) being the number density
of N2 in the equilibrium, does not exceed the Hubble
scale until today, N2 never enter the thermal bath. This
parameter space is depicted by the gray region below
the dot-dashed line in the figure, where the N2 does not
have enough amount of number density to produce the
observed relic density of N1 from the decay.
When r > H is satisfied at some temperature, the N2


is thermalized and the number density of the N2 follows
the equilibrium value until T becomes Tdec, defined by
r(Tdec)/H(Tdec) < 1, at which the N2 decouples from
the thermal bath. It is important to see whether the
N2 is relativistic or non-relativistic at T = Tdec. When
the N2 is non-relativistic at the decoupling temperature,
namely M2/Tdec > 1, its number density gets suppressed
by the Boltzmann factor, and it is di�cult to provide
whole amount of the dark matter number density. This
case is shown by the blown region in Fig. 1.
As we will discuss below, the white region in Fig. 1 is


only the viable parameter space to realize our scenario,
where the N1 is relativistic so its number density is su�-
ciently large, nN2(Tdec) ' (2/⇡2)T 3


dec, and the N2 abun-
dance is given by


⌦N2h
2 =


s0M2


⇢ch�2
⇥ nN2


s


���
Tdec


, (6)


where ⇢c = 1.05368 ⇥ 10�5h2 GeV cm�3 is the critical
density of the universe, and s = (2⇡/45)g⇤sT 3 with g⇤s
being the numbers of degrees of freedom for the entropy
density and s0 = 2889.2 cm�3 are the entropy density
and its present day value. In the following we take g⇤⇢ =
g⇤s.
As the N2 has a mass around O(1 � 10) GeV in our


scenario, it soon decays into the SM particles and the
N1. For M2 ⌧ MW , the N2 decay modes into the SM
particles are N2 ! l+(mesons), ⌫+(mesons), l+l�⌫, ⌫⌫⌫̄,
while for M2 > MW the decay modes are N2 ! l+W, ⌫+
Z [17]. Among those decay modes, the decays involving
on-shell or o↵-shell W boson give the leading fraction of
the total decay width of N2, namely, the final state may
have at least one neutrino. Since the SM neutrino can
mix with N1 as well, the N2 can also decay into N1 by
emitting some SM particles. Then, the branching ratio
of this decay can be approximately given by


Br(N2 ! N1) ' ✓21, (7)


where we ignore the M1 dependence since M1 ⌧ M2


in the parameter space of our interest. Therefor, the
resultant N1 abundance is given by


⌦N1h
2 ' ✓21⌦N2h


2


' 0.12⇥



✓1
2⇥ 10�5


�2  M2


50 GeV


� 
80


g⇤


�
(8)


so the observed dark matter density can be explained
by the keV-scale N1 with the mixing angle of O(10�5)


More	produc/on	mechanisms:	


Ø  	Introducing	an	addi/onal		scalar	:			
	
e.g.		 L = −λσNN Kusenko,	Petraki,	Asaka,	Shaposhnikov,	Merle,	Schneider,..					
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Figure 3: We show the results considering λ = 1.0 ·10−8, 1.2 ·10−8, as well as f = 500 GeV
and f = 1 TeV. The orange (purple) bands represent the regions of the parameter space
with a sterile neutrino relic abundance ΩN1


h2 within the 3σ observed value, obtained only
through the decay of a freeze-in scalar (considering also the DW mechanism), see text for
more details. The red and blue areas denote the HDM and CDM regions, respectively.
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L = −yijNiLjH


Ø  More	than	one	right-handed	flavor:		
	
e.g.		 KK,	Kunio	Kaneta	(in	prepara/on)	
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FIG. 2. Transfer function of the CDM density pertur-
bation amplitude (normalized by the primordial amplitude
from inflation). We show two cases: (i) Td/M = 10−4 and
Td/Teq = 107; (ii) Td/M = 10−5 and Td/Teq = 107. In each
case the oscillatory curve is our result and the other curve is
the free-streaming only result that was derived previously in
the literature [4,7,8].


kpeak = (8, 15.7, 24.7, ..)η−1
d ∝


Mpl


T0Td
. (22)


This same scale determines the “oscillation” damping.
The free streaming damping scale is,


ηdcd(ηd) ln(ηeq/ηd) ∝
MplM1/2


T0T
3/2
d


ln(Td/Teq), (23)


where Teq is the temperature at matter radiation equal-
ity, Teq ≈ 1 eV. The free streaming scale is parametri-
cally different from the “oscillation” damping scale. How-
ever for our fiducial choice of parameters for the CDM
particle they roughly coincide.


The vanishing of the sound speed during the QCD
phase transition amplifies perturbations which have
ω∆ηQCD > 1, where ∆ηQCD is the duration of the tran-
sition. In Figure 2 the affected modes are those with
xd = kηd >


√
3 (ηQCD/∆ηQCD) (ηd/ηQCD). Typical


values of ηd/ηQCD ∼ 10−15 and ηQCD/∆ηQCD ∼ 3−10
relate this condition to modes with xd > 50− 260. Thus
the affected scales are severely damped by the effects con-
sidered in this paper.


Finally we want to stress the fact that the damping
scale is significantly smaller than the scales observed di-
rectly in the Cosmic Microwave Background or through
large scale structure surveys. For example, the ratio of
the damping scale to the scale that entered the horizon
at equality is ηd/ηeq ∼ Teq/Td ∼ 10−7 and to our present
horizon ηd/η0 ∼ (TeqT0)1/2/Td ∼ 10−9. In the context
of inflation, these scales were created 16 and 20 e–folds
apart. Given the large extrapolation, one could certainly
imagine that a change in the spectrum could alter the
shape of the power spectrum around the damping scale.


However, for smooth inflaton potentials with small de-
partures from scale invariance this is not likely to be the
case. On scales much smaller than the horizon at matter
radiation equality, the spectrum of perturbations density
before the effects of the damping are included is approx-
imately,


∆2(k) ∝ exp


[


(n − 1) ln(kηeq) +
1


2
α2 ln(kηeq)


2 + · · ·
]


× ln2(kηeq/8) (24)


where the first term encodes the shape of the primordial
spectrum and the second the transfer function. Primor-
dial departures from scale invariance are encoded in the
slope n and its running α. The effective slope at scale k
is then,


∂ ln ∆2


∂ ln k
= (n − 1) + α ln(kηeq) +


2


ln(kηeq/8)
. (25)


For typical values of (n − 1) ∼ 1/60 and α ∼ 1/602


the slope is still positive at k ∼ η−1
d , so the cut-off in the


power will come from the effects we calculate rather than
from the shape of the primordial spectrum. However
given the large extrapolation in scale, one should keep in
mind the possibility of significant effects resulting from
the mechanisms that generates the density perturbations.


Implications We have found that acoustic oscilla-
tions, a relic from the epoch when the dark matter cou-
pled to the cosmic radiation fluid, truncate the CDM
power spectrum on a comoving scale larger than effects
considered before, such as free-streaming and viscosity
[4,7,8]. For SUSY dark matter, the minimum mass of
dark matter clumps that form in the universe is there-
fore increased by more than an order of magnitude to a
value of ∗


Mcut =
4π


3


(


π


kcut


)3


ΩMρcrit


≃ 10−4


(


Td


10 MeV


)−3


M⊙, (26)


where ρcrit = (H2
0/8πG) = 9 × 10−30 g cm−3 is the crit-


ical density today, and ΩM is the matter density for the
concordance cosmological model [2]. We define the cut-
off wavenumber kcut as the point where the transfer func-
tion first drops to a fraction 1/e of its value at k → 0.
This corresponds to kcut ≈ 3.3 η−1


d .
Recent numerical simulations [15,16] of the earliest and


smallest objects to have formed in the universe [17], need


∗Our definition of the cut-off mass follows the convention of
the Jeans mass, which is defined as the mass enclosed within
a sphere of radius λJ/2 where λJ ≡ 2π/kJ is the Jeans wave-
length [14].
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Smallest	dark	ma8er	halo	size:			
Max	(Free	streaming	scale,	Horizon	size	at	decoupling)		
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Structures	cannot	form	below	free		streaming	scale	
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Mo/va/on	for	DM-baryon	interac/ons,	beyond	ΛCDM		


(Vogelsberger	et	al	(2016))	


10 M. Vogelsberger et al.


Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.


subdominant impact compared to the effect of DM collisions. This
was already seen, albeit not as clearly, in Fig. 5.


The apparent reduction of substructure is quantified in more
detail in Fig. 8, where we show the cumulative distribution of sub-
haloes within 300 kpc of the halo centre as a function of their
peak circular velocity Vmax. The left panel shows the cumulative
number on a linear scale, and includes observational data from
Polisensky & Ricotti (2011). The MS problem is apparent since
there are significantly more CDM subhaloes than visible satellites.
This discrepancy can be solved or alleviated through a combination
of photo-evaporation and photo-heating when the Universe was
reionised, and supernova feedback (e.g. Efstathiou 1992; Gnedin
2000; Benson et al. 2002; Koposov et al. 2008), although photo-


evaporation and photo-heating alone may not be enough to bring
the predicted number of massive, luminous satellites into agree-
ment with observations (e.g., Boylan-Kolchin et al. 2012; Brooks
et al. 2013). The plot also demonstrates that the reduction of sub-
structure in ETHOS-1 to ETHOS-3 alleviates the abundance prob-
lem significantly. The strong damping in the power spectrum of
model ETHOS-1 leads to a very significant reduction of satellites
which is quite close to the data, perhaps too close given the ex-
pected impact of reionisation and supernovae feedback. If these
processes were to be included in our simulations with a similar
strength as they are included in hydrodynamical simulations within
CDM, model ETHOS-1 would be ruled out. One must be cautious
however, since the strength of these processes is not known well
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Figure 1. Properties of the effective DM models relevant for structure formation. Left: Linear initial matter power spectra (�linear(k)2 = k3Plinear(k)/2⇡2)
for the different models (CDM and ETHOS models ETHOS-1 to ETHOS-4) as a function of comoving wavenumber k. The ETHOS models differ in the
strength of the damping and the dark acoustic oscillations at small scales. As a reference, we also include thermal-relic-WDM models, which are close to each
model in ETHOS. Right: Velocity dependence of the transfer cross-section per units mass (�T /m) for the different ETHOS models. Models ETHOS-1 to
ETHOS-3 have �T /m / v�4


rel for large relative velocities. For low velocities the cross sections can be as high as 100 cm2 g�1.


the outstanding small-scale problems of the MW satellites. Finally,
we present our summary and conclusions in Section 5.


2 EFFECTIVE MODELS


The different DM models that we investigate in this paper are sum-
marised in Table 1. For all simulations we use the following cos-
mological parameters: ⌦m = 0.302, ⌦⇤ = 0.698, ⌦b = 0.046,
h = 0.69, �8 = 0.839 and ns = 0.967, which are consistent
with recent Planck data (Planck Collaboration et al. 2014; Spergel
et al. 2015). We study mainly five different DM models, which we
label CDM and ETHOS-1 to ETHOS-4. In the parameter space of
ETHOS, these models are represented by a specific transfer func-
tion (see left panel of Fig. 1 for the resulting linear dimensionless
power spectra), and a specific velocity-dependent transfer cross-
section for DM (see right panel of Fig. 1). Our discussion will
mostly focus on ETHOS-1 to ETHOS-3, which demonstrate the ba-
sic features of our ETHOS models. ETHOS-4 is a tuned model that
was specifically set up to address the small-scale issues of CDM
(the MS problem and the TBTF problem). We discuss this model
towards the end of the paper.


These models arise within the effective framework of ETHOS,
described in detail in ?, which we summarise in the following.
ETHOS provides a mapping between the intrinsic parameters (cou-
plings, masses, etc.) defining a given DM particle physics model,
and (i) the effective parameters controlling the shape of the linear
matter power spectrum, and (ii) the effective DM transfer cross sec-
tion (h�T i/m�); both at the relevant scales for structure formation.


Schematically:
n


m�, {gi}, {hi}, ⇠
o


!
n


{an,↵l}, {bn,�l}, {dn,m�, ⇠}
o


! Pmatter(k)


n


m�, {mi}, {gi}
o


!
(


h�T i30
m�


,
h�T i220
m�


,
h�T i1000


m�


)


,(1)


where the parameters on the left are the intrinsic parameters of the
dark matter model: m� is the mass of the dark matter particle, {gi}
represents the set of coupling constants, {hi} is a set of other inter-
nal parameters such as mediator mass {mi} and number of degrees
of freedom, and ⇠ = (TDR/TCMB)|z=0 is the present day DR to
CMB temperature ratio.


The effective parameters of the framework are on the right of
Eq. 1, which in all generality include the doublet {bn,�l} char-
acterising the evolution of dark radiation perturbations, while the
triplet {dn,m�, ⇠} determines the adiabatic sound speed of dark
matter. The latter is very small for non-relativistic dark matter,
thus, it has no impact on the evolution of dark matter perturba-
tions (except on very small scales, irrelevant for galaxy forma-
tion/evolution). On the other hand, since in this work we are only
interested on the evolution of dark matter perturbations, the param-
eters {bn,�l} can be neglected since they have very little impact
on the actual structure of the linear matter power spectrum. More
precisely, when the DR-DR interactions decouple later than the
DR-DM interactions, these terms should be taken into account but
they only affect scales at and smaller than that of the second DAO
peak in the linear power spectrum. This would introduce only mi-
nor corrections that can be neglected for the purpose of following
the non-linear evolution of structures. We are therefore left only
with the doublet {an,↵l}, which fully characterises the evolution
of the dark matter perturbations, with the set of l�dependent coeffi-
cients ↵l encompassing information about the angular dependence
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•  Chemical	decoupling:		
								Annihila/on	<	Hubble	expansion,					T~	mχ/20	
• 				Kine/c	decoupling:		
								Elas/c	sca8ering	<	Hubble	expansion,			T~mχ/2000	


(Kolb&Turner)	


DM-baryon	interac/ons	affect	DM	decouplings	
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FIG. 1: The smallest dark matter halo mass as a function the kinetic decoupling temperature Tkd . The smallest


dark halo mass is the mass within the scale characterized by the larger between the acoustic damping length and


the free streaming length: acoustic damping at relatively small Tkd , free-streaming at relatively large Tkd . The free


streaming length depends on the dark matter particle massmχ through its velocity at kinetic decoupling, which scales


as
√


Tkd/mχ. The feature around Tkd ∼ 150 MeV is an imprint of the change in relativistic degrees of freedom during


the QCD phase transition.


where T0 is the present temperature, ρm0 is the present DM density, and the Hubble parameter


H(Tkd) at decoupling can be obtained from the Friedmann equation with total energy density ρ(Tkd) =


(π2/30)g(Tkd)T 4kd at kinetic decoupling.


For the effective energy and entropy degrees of freedom g(T ) and h(T ) we adopted the model of Ref.


[19] (equation of state B) as implemented in DarkSUSY [18]. The factor h(Tkd)/h(T0), which was not


present in Ref. [11], takes into account the change of comoving volume due to the entropy increase in the


radiation. This ratio can be bigger than 10 for temperatures of the order of the QCD scale (! 200 MeV in


the model of our choice [19]).


The acoustic damping and free streaming scales are plotted in Fig. 1. For a wide range of parameters,


the acoustic damping scale is larger than the free streaming scale and thus determines the cutoff scale of


the smallest halo size. The free streaming length becomes more important than the acoustic damping scale
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Mhalo :10
−6Msun ~100Msun


The	dark	ma8er	kine/c	decoupling	
	
(Schmidt,	Schwarz,	Widerin,	Fayet,	Chen,	Kamionkowski,	Zhang,	Kasahara,	Hoffman,		
Green,	Profumo,	Ullio,	Sigurdson,	Berezinsky,	Dokuchaev,	Eroshenko,	Boehm,	Loeb,	
Zaldariaga,	Bertchinger,	Bringmann,	Cornell,...)	







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
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e� collisions, in the


operator formalism.


2 Setup


While the operator formalism can be used for WIMPs of any spin, we will assume,


for concreteness, that the WIMP is a spin-1/2, Dirac fermion �. The coupling of the


WIMPs to electrons and positrons has the form


L
int


=
1


⇤2


Oi , (2.1)


where ⇤ roughly corresponds to the energy scale of new physics that provides the


coupling, and Oi is one of the following four-fermion operators [6]:


OV = (�̄�µ�)(¯̀�
µ`) , (vector)


OS = (�̄�)(¯̀̀ ) , (scalar, s� channel)


OA = (�̄�µ�5�)(¯̀�
µ�5`) , (axial� vector)


Ot = (�̄`)(¯̀�) , (scalar, t�channel). (2.2)


The notation in parenthesis describes the simplest kind of a mediator particle that


would induce each operator. We will always consider the case when the mediator mass


is well above the collision energy
p
s, and our results will not depend on how the opera-


tors (2.2) are induced; the names are only used as a convenient way to label operators.


Since the WIMPs do not interact in the detector, the 2 ! 2 process e+e� ! �̄� is


invisible; an extra “tag” particle needs to be added to the final state to make it observ-


able. A photon can always be emitted from the initial state independently of the nature


of the WIMPs and their couplings, making it a robust choice for the tag particle [1].


We will thus consider the process e+e� ! �̄��, mediated by Feynman diagrams in


Fig. 1, and leading to the observable � +E/ final state. We have computed the double-


di↵erential cross sections, d2�
dE�d cos ✓


, analytically for each of the four interactions listed


– 4 –


Collider:	


The	constraints	from	collider	and	direct	search	experiments:		
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Hadron	collider		 Lepton	collider	
WIMP direct 
detection


The nuclear recoiling energy is measured


• Ionization on solids


• Ionization in scintillators (measured by the emmited photons)


• Temperature increase (measured by the released phonons) 


• The direct detection of WIMPS can take place through their elastic scattering with nuclei 
inside a detector


Modern and projected detectors use a combination 
of these techniques


Ionization + phonons: CDMS, EDELWEISS


Ionization + scintillation: ZEPLIN II, III, XENON


Scintilation + phonons: CRESST II, ROSEBUD


21-01-08 IAP, Paris


Measures	nuclear	recoil	energy	via	
	
1)  Ioniza/on	on	solids		
						(local	release	of	charge)	
2)			Scin/llators	(emi8ed	photons)	
3)			Temperature	increase	(released	phonons)	


Direct	detec/on:	







Dipole	DM	


•  DM	with	a	dipole	moment:		
The	lowest	dimensional	coupling	between	DM	fermions	and	the	SM	gauge	bosons	


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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 diagram 1 QCD=0, QED=2
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Pospelov	et	al	(2000),	Sigurson	et	al(2004),	Barger	et	al	(2012),	Heo	and	Kim	(2012),Graham	(2012)	Nobile	et	al	(2013),..	
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Ø  Mo/va/on:		
ü  Light	mass	
ü  Free	streaming	


Ø  Concrete	examples	for	light	dark	ma8er	
	
v  Sterile	neutrino	
ü  Free	streaming	
ü  Produc/on	mechanism	
	
Ø  More	on	Free	Streaming		
	
ü  Minimum	Protohalo	Mass		
ü  Connec/on	to	par/cle	physics:	Collider	and	DM	Direct	Search	
v  Dipole	dark	ma8er		


Conclusions:			Let's	not	get	biased,	and	explore	beyond	conven/onal	paradigms	
ü  Beyond	the	weak	scale	dark	ma8er	
ü  Beyond	Lambda-CDM	
Complementary	study	from	par/cle	physics	and	cosmology	would	be	essen/al!			


		
	
	
	
	


Outline	
Cosmological	Explora/on	for	Light	Dark	Ma8er	






