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Planck Collaboration: Cosmological parameters

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

• dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry

0νββ 
gravitational wave

galaxy surveys
DESI, PFS, Euclid,
LSST, WFIRSTSimons Array

CMB S4
LiteBIRD

HyperK, DUNE
LHCb, Belle II



Leptogenesis
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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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How do we test it?

build a 1014 GeV collider



how do we test it?
• possible three 

circumstantial evidences
• 0νββ
• CP violation in 

neutrino oscillation
• other impacts e.g. LFV 

(requires new 
particles/interactions 
< 100 TeV)

• archeology
• any more circumstantial 

evidences?



covers pretty much the entire range for leptogenesis!
caveat: particle emission from cosmic strings

J. Dror, T. Hiramatsu, K. Kohri, HM, G. White, arXiv:1908.03227



Planck Collaboration: Cosmological parameters

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



cluster of galaxies

Abell 2218
2.1B lyrs



cosmological scales

• a random density 
fluctuations ~O(10–5) 
more-or-less scale 
invariant P(k) ∝	kns–1

• starts acoustic 
oscillation, amplified by 
gravitational attraction

• “knows” about 
everything between 
0<z<1300

• ΩDM=0.25≫Ωb=0.05

δT/T = alm Ylm

(2l+1)clm = Σm alm*alm

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Dark Matter 
is our Mom

without dark matter with dark matter

10–5

Naoki Yoshida



Reenacting the Big Bang with Cal Marching Band



World’s largest 3D map  
of dark matter

Subaru HSC team



dark matter made us
dark matter (3D)

galaxies (3D)

dark matter (2D)
~30 square degrees

galaxies (2D)

Subaru HSC team



What do we know?

• basic properties of a particle:

• mass

• quantum number

• spin

• lifetime

• interaction



• it must be moving slowly (cold)

• it must be electrically neutral

• people discuss milli-charged dark matter

• it must be long-lived (at least 13.8Byrs)

• stronger limit if decay products visible

Cold and Neutral
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the Supplement Material. In both cases we assume a
Navarro-Frenk-White profile for the DMa density, nor-
malized to a local value of ⇢dm ⇡ 0.3GeV/cm3. The first
dataset comprises N = 13 local pulsars with the small-
est values of DMobs/d and for which parallax measure-
ments of the distance d are available. We only choose
pulsars located away from the galactic plane. This is
to minimize the e↵ect of the evacuation of DMa from
the galactic plane for millicharged DMa. While early
studies argue that this e↵ect is relevant for ✏ & 5.4 ⇥
10�22

⇣
mmilli
eV

⌘
[16, 35], a recent study [36] suggests that

this bound may be too restrictive. We also consider a
second dataset of Ncluster = 13 pulsars located in globu-
lar clusters within 8 kpc from the galactic center and o↵
the disk, again with the smallest DMobs/d. Distances of
clusters can be determined by di↵erent methods [37] not
relying on the DM, and their uncertainty is usually of
a few percent. We therefore assign a conservative error
of 10% to the value of d for the pulsars in this second
dataset. Even if the e↵ect of the galactic magnetic field
on the density of millicharged DMa away from the galac-
tic disk is uncertain, we do not expect DMa to be evac-
uated at high galactic latitudes, and our analysis should
provide realistic constraints.

For each pulsar we compute DMi
astro ⇡ hneiidi, where

hneii is an average electron density along the line of
sight obtained using the YMW16 model [38], while di
is the pulsar distance obtained from parallax (for the
first dataset) or from the location of the globular cluster
(for the second dataset). In the former case, we assign
hneii a 20% error to take into account potential system-
atics in the electron density model. This is a conservative
approach given the uncertainties in [38]. We perform a
Monte-Carlo Markov chain analysis using the Python
ensemble sampler Emcee [39] to explore the posterior
distribution. For our datasets, 105 samples are accumu-
lated with 20 chains. The chains show good acceptance
rate and convergence. The results are similar for the two
datasets:

✏

mmilli
. 4⇥ 10�9

eV

s
0.3GeV/cm3

⇢milli
at 95% C.L. (13)

which we compare to other existing bounds in Fig. 1.
In particular these results are compatible with ✏ = 0.
For completeness, we also show a similar (weaker) bound
estimated from the dispersion of the fast radio burst
FRB121102 [40]. This line falls in the ballpark of the
estimate (11). A more comprehensive analysis for FRBs
will be presented elsewhere [10].

The mass range in Fig. 1 is limited on the left be-
cause the expression (4) is valid as long as the energy
of the photon is smaller than mmilli. For radio waves
from pulsars, mmilli & ! ⇠ GHz ⇠ 10�6 eV. Since
the bound is more stringent for small masses, these con-
straints could improve as 1/mmilli for sub-GHz pulsar

measurements in systems with properties similar to the
ones used in our analysis. Low-frequency measurements
are indeed possible, see e.g. Ref. [41], though we leave
a more systematic study of the sources for the future.
Figure 1 shows that our bounds are competitive for
masses below the Tremaine-Gunn bound on fermionic
DMa, mTG & keV [42]. Hence, they apply to scalar
charged DMa or to models with a fraction of millicharged
fermionic DMa (see Eq. (13) for the scaling of the bound
with ⇢milli).
Finally, the existence of milli-charge DMa also im-

pacts the cosmological 21-cm line and distortions of the
CMB [43–45]. It seems possible that these observations
also constrain the very light case considered here, though
previous studies focus on much heavier DMa candidates,
and it seems cautious not to extrapolate their conclusions
at much lower masses. Instead, it would be interesting
to extend these analyses to smaller masses in the future.
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FIG. 1. Constraint on millicharged DMa in the ✏ � mmilli

space from pulsar (solid red line) and FRB121102 (dashed red
line) DM at 95% confidence level. Solid blue line indicates
the bound from Red Giants [15]. We assume a homogeneous
DMa density ⇢dm = ⇢milli ⇡ 0.3GeV/cm3. The bound scales

as ⇢�1/2
milli for fractional components.

Polarization constraints on ALPs. We now con-
sider the case where the millicharged particles are absent,
j⌫milli = 0. As discussed before, the modification of the
TOA from the terms depending on g in Eq. (7) is negligi-
ble and we ignore it. Nevertheless, due to their pseudo-
scalar nature, ALPs also induce an oscillating variation
of light polarization [47, 51–56]. Parity-symmetry break-
ing leads to birefringence, i.e. di↵erent phase velocities
for left- and right-handed modes, which in turn induces
rotation of the linear polarization plane. At first approx-
imation, we assume the ALP-DMa background in the
Milky Way rest frame to be described by the field con-
figuration [57]

�(x, t) = �̃0(x)

Z
d3v e

� v2

�2
0 ei(!vt�ma~v·~x)+i'v +c.c., (14)

arXiv:1902.02695
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FIG. 9. Bounds on the lifetime of a scalar DM, �, decaying to two photons. Regions as in Fig. 2.

Here ⌫2 ⌘ m2/mDM refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give

dN�!e+e��

dE�
'

2↵EM

⇡E�


1 � 2�� +

�
1 � 2�� + 2�2

�

�
ln

✓
1 � 2��

⌫2
e

◆�
, (21)

where the spectrum is bounded by the energies 0 < E� < m�/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum

dN

dx
=

m1

2

dN

dE
(22)
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Current bounds on MACHOs

Zumalacarregui, Seljak (2018)



Search for MACHOs
(Massive Compact Halo Objects)

Large Magellanic Cloud

Not enough of them!

Dim Stars?

MACHO
95% cl
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EROS collaboration
astro-ph/0607207



Best limit on Black Hole dark matter

• a

Niikura, Takada et al., Nature Astronomy

A dense cadence HSC obs. of M31 to 
search for microlensing due to PBHs 
(just one night in Nov, 2015)

Found many variable stars

 star flare

No detection ⇒ more stringent 

upper bound,  than 2yr Kepler data 
(Griest et al.) 1015 1020 1025 1030 1035
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Figure 5 The red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM
in the halo regions of MW and M31, derived from our search for microlensing of M31 stars based on the
“single-night” HSC/Subaru data and fills a large gap in the existing constraints by closing the PBH DM
window around lunar mass scale. To derive this constraint, we took into account the effect of finite source
size, assuming that all source stars in M31 have a solar radius, as well as the effect of wave optics in the
HSC r-band filter on the microlensing event (see text for details). The effects weaken the upper bounds
at M <⇠ 10�7M�, and give no constraint on PBH at M <⇠ 10�11M�. Our constraint can be compared
with other observational constraints as shown by the gray shaded regions: extragalactic �-rays from PBH
evaporation [32], femtolensing of �-ray burst (“Femto”) [33], microlensing search of stars from the satellite
2-years Kepler data (“Kepler”) [18], MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”) [15],
and the accretion effects on the CMB observables (“CMB”) [34], updated from the earlier estimate [35].
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• 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”



• 10-31 GeV to 1046 GeV 

• narrowed it down to 
within 77 orders of 
magnitude

• a big progress in 70 years 
since Zwicky

Summary 
Mass Limits



two clusters collided at 4500km/sec

Good not to be here

4B lyrs away

bullet cluster



• if self-coupling too big, will “smooth 
out” cuspy profile at the galactic 
center 

• some people want it 
(Spergel and Steinhardt, astro-ph/9909386)

• need core < 35 kpc/h from data

σ < 1.7 x 10-25 cm2 (m/GeV)
(Yoshida, Springel, White, astro-ph/
0006134)

• bullet cluster:

σ < 1.7x10-24 cm2 (m/GeV)
(Markevitch et al, astro-ph/0309303)

Self-Coupling
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MACHO ⇒ WIMP
• It is probably WIMP 

(Weakly Interacting 
Massive Particle)

• Stable heavy particle 
produced in early 
Universe, left-over from 
near-complete 
annihilation

• Will focus on WIMPs for 
the rest or the lecture



• thermal equilibrium when 
kT>mχc2

• Once kT<mχc2, no more 
χ created

• if stable, only way to lose 
them is annihilation

• but universe expands and 
χ get dilute

• at some point they can’t 
find each other

• their number in comoving 
volume “frozen”

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

thermal relic



• WIMP freezes out when 
the annihilation rate 
drops below the 
expansion rate

• Yield Y=n/s constant 
under expansion

• stronger annihilation ⇒ 

less abundance 
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• “Known” Ωχ=0.23 
determines the WIMP 
annihilation cross 
section

• simple estimate of the 
annihilation cross 
section

• within the range at 
LHC!!!
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xf

M3
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s0

H2
0
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Order of magnitude



WIMP Miracle
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

“weak” coupling
“weak” mass scale correct abundance

We want new particles for naturalness anyway
Miracle2

collider direct detection

indirect detection



• dark matter clearly a new 
degree of freedom 

• The smallest dof you can 
add to the SM is a real 
Klein-Gordon field S: 
dof=1

• assign odd Z2 parity to S, 
everything else even
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Electron mass is natural 
by doubling #particles

• Electron creates a force 
to repel itself

• quantum mechanics and 
anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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Higgs mass is natural 
by doubling #particles?

• Higgs also repels itself

• Double #particles again   
⇒ superpartners

• only log sensitivity to UV

• Standard Model made 
consistent up to higher 
energies

 34
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I still take it seriously



R-parity
• B, L-conservation not automatic
• W=udd+QdL+LLe+LHu

• If they exist with O(1) couplings:
• τp∼msq

4/mp
5∼10–12 sec!

• Product of two couplings < 10–26

• Impose R-parity = (–1)3B+L+2s

• Forbids B and L number violation
• R-parity is non-anomalous; may be gauged
• Stable Lightest Supersymmetric Particle 

⇒ Cold Dark Matter

•  SUSY particles always pair-produced and decay 
into the LSP: missing energy signal



UED

• one extra dimension (S1/Z2)
• mod out by parity in 5D

• Lightest state with odd parity is stable

• typically KK state of U(1)Y gauge boson

 36
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Figure 7 – Higgs invisible decay searches 61: (left) upper limits on the relative invisible decay rate for individual
searches and the combination and (right) upper limits on the DM-nucleon scattering cross-section assuming a
scalar or fermion DM candidate, compared to limits from DD experiments.

to emphasize that these limits are only valid in the framework of the considered models and for
the specific parameter choice. On the other hand, DM searches in the framework of simplified
models are inclusive enough to cover a broad range of topologies, which may arise in more
complex scenarios, so that these searches results can be interpreted to constrain other models.
Extending the searches to other possible processes, e.g. involving DM in association with Higgs-
like or long lived particles, may provide a more complete framework to interpret and relate
collider to non collider DM search results.

4 DM production in the decay of the 125 GeV Higgs boson

In the SM, the Higgs boson decays invisibly only through the ZZ decay to four neutrinos with
a branching ratio of about 0.1%. The Higgs invisible decay rate may be largely enhanced in
the context of BSM scenarios, in particular if the Higgs boson decays to DM particles. Indirect
constraints on the Higgs invisible decay branching ratio can be inferred from the measurements
of the visible decay channels: an upper limit of 34% have been obtained from a combina-
tion 60 of Higgs visible decay measurements using Run 1 (7-8 TeV) data. More recently, direct
searches for invisible Higgs decays using Run 2 (13 TeV) data have been performed targeting
the vector boson fusion channel 61, in which the Higgs boson is produced in association with jets
(VBF via qq!qqH), the associated production of a Higgs boson with Z/W (Z!ll, Z/W!jj)
modes 44,45,43,42and the ggH production channel, where a high pT Higgs boson is produced in
association with initial state radiation jets 43. Leading Feynman diagrams for the qqH, VH, and
ggH processes are shown in Fig. 2 (left panel). No significant deviations from the SM predictions
are observed in any of these searches.

These results are interpreted in terms of upper limits on the product of the Higgs production
cross-section and branching ratio to invisible particles, �B(H!inv), relative to the SM Higgs
production cross-section �SM. Observed and expected upper limits on �B(H!inv)/�SM at 95%
CL are presented in Fig. 7 (left) 61 for each search channel, with the VBF being the most
sensitive search. The statistical combination including these search results yields an observed
(expected) upper limit on B(H!inv) of 0.24 (0.18) at 95% CL, assuming SM Higgs production
cross-section. The observed 90% CL upper limit on B(H!inv) of 0.2 is interpreted in the context
of a Higgs-portal model of DM interactions to set a 90% CL upper limit on the spin-independent
DM-nucleon interaction cross-section as a function of the DM mass, shown in Fig. 7 (right) 61.
In direct comparison with the corresponding upper limits from DD experiments, it provides the
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into

bb̄ (upper-left), W+W�
(upper-right), ⌧+⌧�

(bottom-left) and µ+µ�
(bottom-right) pairs. Thick solid lines

show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of

Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)

limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted

line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%

containment bands for the distribution of limits under the null hypothesis (see main text for more details).

The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W

+
W

�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ
+
µ
�),

– 9 –
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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. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the

level of ⇠17�. In Fig. 8, we show the spectrum of the

dark-matter-like component, for values of � = 1.2 (left

frame) and � = 1.3 (right frame). Shown for compari-

son is the spectrum predicted from a 35.25 GeV WIMP

annihilating to bb̄. The solid line represents the contribu-

tion from prompt emission, whereas the dot-dashed and

dotted lines also include an estimate for the contribution

from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The

normalizations of the Galactic Center and Inner Galaxy

signals are compatible (see Figs. 6 and 8), although the

details of this comparison depend on the precise mor-

phology that is adopted.

We note that the Fermi tool gtlike determines the

quality of the fit assuming a given spectral shape for

the dark matter template, but does not generally provide

a model-independent spectrum for this or other compo-



14

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

cm
3
/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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new sociology
• WIMP should be explored at least down 

to the neutrino floor
• heavier?  e.g., wino @ 3TeV ⟹CTA

• dark matter definitely exists
• hierarchy problem may be optional?

• need to explain dark matter on its own
• perhaps we should decouple these two
• do we really need big ideas like SUSY?
• perhaps not necessarily heavier but 

rather lighter and weaker coupling?
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fraction of second later
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turned a billionth of anti-matter to matter



Universe Now

2

This must be how we survived the Big Bang!

us

matter anti-matterdark dark
they

Gelmini, Hall, Lin (1987)
Kaplan, Luty, Zurek, 0901.4117

mDM =
nb

nDM

⌦DM

⌦b
mp ⇡ 6 GeV⇥ ⌘b

⌘DM

• motivation for 1–10 GeV dark matter
• challenge: get rid of symmetric component
• signal depends on portal; new medium
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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SIMPle

• Most gauge theories, SU(NC), SO(NC), 
Sp(NC) lead to Wess-Zumino term if Nf≥2,3

• 𝓛WZ=εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe

• 3to2 interaction automatically there

• strongly-coupled theory

• rich with resonances
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FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
crepancy. The HI Near Galaxy Survey (THINGS) presented rotation curves for seven nearby
dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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can be explained if dark matter scatters against itself
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only astrophysical information beyond gravity
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compact stellar disk extended stellar disk

Diversity in stellar distribution

 

Similar outer circular velocity and stellar mass, 
but different stellar distribution

- compact → redistribute SIDM significantly
- extended → unchange SIDM distribution

AK, Kaplinghat, Pace, and Yu, PRL, 2017

Ayuki Kamada



velocity dependence?
• cluster data prefer smaller σ?

• near-threshold resonance can 
“fit” the data

• i.e., ππ→σ→ππ

• (Xiaoyong Chu, Camilo 
Garcia-Cely, HM)

• useful description by 
Effective Range Theory 
(Hans Bethe 1949)

L = mRg RDM2 .
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vector portal

dark QCD
with SIMP

Standard Model

2

e�

e+

�

�

�̄
A0(⇤)

FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
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a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
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the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
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sector, and has a small kinetic mixing, "/ cos ✓W , with
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which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.
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low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

photon
dark

photon

✏�
2cW

Bµ⌫F
µ⌫
D



high-lumi e+e–

50 ab–1!

2

e�

e+

�

�

�̄
A0(⇤)

FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
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role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
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However, for the context of this paper, it is su�cient
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(iii) ge (the coupling of the mediator to electrons)
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production rates, but will have a more significant e↵ect
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The simplest example of such a setup is DM that does
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has interactions with ordinary matter through a hidden
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of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
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with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict
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in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.
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a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.
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to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
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The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict
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in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.
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Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].
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FIG. 4. Upper limits on the SI (upper panel), SD proton-
only (middle panel), and SD neutron-only (lower panel) DM-
nucleon interaction cross-sections at 90% C.L. using signal
models from the Migdal e↵ect and BREM in the XENON1T
experiment with the S1-S2 data (blue solid lines) and S2-
only data (black solid lines). Green and yellow shaded re-
gions give the 1 and 2� sensitivity contours for the S1-S2
data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [26], EDELWEISS [27],
CDEX [28], CRESST-III [29], NEWS-G [30], CDMSLite-
II [31], and DarkSide-50 [32], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [29, 33]
and CDMSLite [34] are also shown. Note that the upper limits
derived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [20], respectively.
As in [20], the jumps in the S2-only limits are due to changes
in the observed event count due to the mass-dependent ROIs.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [20].

due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

No significant excess is observed above the background
expectation in the search using the S1-S2 data. Fig. 4
shows the 90% confidence-level (C.L.) upper limits on
the SI and SD (proton-only and neutron-only cases)

FIG. 5. Upper limits on the SI-LM DM-nucleon interac-
tion cross-sections at 90% C.L. using signal models from the
Migdal e↵ect and BREM in the XENON1T experiment with
the S1-S2 data (blue solid lines) and S2-only data (black solid
lines). Green and yellow shaded regions give the 1 and 2� sen-
sitivity contours for the S1-S2 data, respectively. The upper
limits on the SI DM-nucleon interaction cross sections from
LUX [26] and XENON1T S2-only (elastic NR results) [20] are
also shown.

DM-nucleon interaction cross-section using signal mod-
els from the Migdal e↵ect and BREM with masses from
60MeV/c2 to 2GeV/c2, and Fig. 5 shows the 90% C.L.
upper limits on the SI-LM DM-nucleon interaction cross-
section with masses from 60MeV/c2 to 5GeV/c2. The
upper limits derived using the S1-S2 data deviate from
the median sensitivity by about 1-2� due to the under-
fluctuation of the ER background in the low energy re-
gion. The results, by searching for ER signals induced
by the Migdal e↵ect, give the best constraint on SI, SD
proton-only, SD neutron-only, and SI-LM DM-nucleon
interaction cross-section for mass below about 1.8, 2.0,
2.0, and 4.0GeV/c2, respectively as compared to previ-
ous experiments [26–34]. The upper limits derived from
the S1-S2 data become comparable with those from the
S2-only data at ⇠GeV/c2 since the e�ciency of the S1-
S2 data to DM signals with mass of ⇠GeV/c2 becomes
su�ciently high. However, the upper limits derived from
the S1-S2 data do not provide significantly better con-
straints than those from the S2-only data for DM masses
larger than 1GeV/c2, because both data are dominated
by the ER background, which is very similar to the ex-
pected DM signal.
In summary, we performed a search for LDM by

probing ER signals induced by the Migdal e↵ect and
BREM, using data from the XENON1T experiment.
These new detection channels significantly enhance the
sensitivity of LXe experiments to masses unreachable
in the standard NR searches. We set the most strin-
gent upper limits on the SI and SD DM-nucleon inter-
action cross-sections for masses below 1.8GeV/c2 and
2GeV/c2, respectively. Together with the standard NR
search [8], XENON1T results have reached unprece-

XENON1t 
arXiv:1907.12771
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Gravitino problem
• Gravitinos produced thermally
• If decays after the BBN, dissociates 

synthesized light elements
• Hadronic decays particularly bad
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coherent oscillation

• any scalar field with initial displacement can 
in principle be dark matter
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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)

Kusenko, Lowenstein, Yanagida
Phys. Rev. D 87, 043508
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Topological defects
• common interest among AMO, condensed 

matter, particle physics, algebraic geometry
• symmetry breaking G→H
• coset space G/H describes vacua
• can the space be mapped non-trivially into 

the coset space?
• π0(G/H)≠0: domain walls
• π1(G/H)≠0: string (vortex)
• π2(G/H)≠0: monopole
• π3(G/H)≠0: skyrmion

Abrikosov
2003 Nobel



Kibble mechanism

• Kibble (1976) argued that phase transitions 
in expanding universe produce defects

• second-order phase transitions have infinite 
correlation length ξ∝|T-Tc|-ν

• Therefore, all regions of causally connected 
space choose the same vacuum on G/H

• However, there is a finite horizon size 
H-1≈MPl/T2

• Kibble: about one defect per horizon



Time scale

• We know that we need to cool the 
material slowly to grow a bigger crystal 
(e.g. clear ice in the freezer)

• How does time scale come into the 
discussion?

• It takes time for things to line up!
relaxation

• quenched phase transition
• general discussion by Zurek (1985)

“Cosmological Experiments in Superfluid Helium?”



Phase transition 
revisited

• correlation length: ξ∝|T – Tc|-ν

• relaxation time: τ∝|T – Tc|-μ  

• It takes an infinite amount of time for the 
system to “line up” at Tc

• If the system cools too quickly, it won’t line 
up even within a causally connected region



Experimental tests

• D. Stamper-Kurn group (Berkeley)
• spinor BEC with 87Rb in F=1 states

• O(2) symmetry
• when λ>>μ, O(2) unbroken
• quickly reduce λ (quantum quench)
• many domains with different O(2) breaking

H = �µ⇧F 2 + �F 2
z



Vortex 
formation

Figure 5.7. Polar-core spin vortices at Thold = 150 ms. Two separate runs of the
experiment are shown with the left set of images having one vortex and the image
set on the right exhibits two vortices. The smaller images are an enlargement of
the vortex region. The yellow boxes on the images indicate the position of the spin
vortices.
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a

b

m=0

m=0

Figure 5.8. Schematic of vortex formation in 2D in the x,y plane. (a) The onset of
spontaneous ferromagnetism occurs with the formation of small domains of definite
transverse magnetism, opposite in phase, which are separated by a domain wall of
m=0 atoms. This configuration is unstable due to the high energy cost of the m=0
atoms. (b) The m=0 atoms in the domain wall will also phase separate in the orthog-
onal transverse direction leaving a magnetization defect of m=0 atoms in the center
with a 2º phase winding around the core. Here the arrows signify the direction of
the F=1 spins.
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topological dark matter

• point-like defect
• Kibble estimate: one per 

H–1≈Tc–1|MPl/Tc|
• Then it could well be 

dark matter!
• Zurek estimate: one per 
ξ≈Tc–1|MPl/Tc|1/3 

• new “long-range force” 
among dark matter

• explain dwarf galaxies?
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Conclusion
• Dark Matter exists, awaiting for discovery

• In general, Dark Sector may exist, too

• Very little clue on mass scales now

• wide parameter space: opportunity!

• WIMP still main paradigm, reach ν floor

• many new ideas on lighter dark matter

• colliders, beam dump, underground, 
cosmic rays, cavity, new technologies

• strategy: look wherever we can!


