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Galaxy cluster collisions
�5

1E 0657-558  
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
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Galaxy cluster collisions

Cluster 1

Galaxy clusters, measured using light.

Cluster 2

1E 0657-558  
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
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Galaxy cluster collisions

Cluster 1
Cluster 2

Gas, measured using X-ray.

Mass, measured using gravitational effects. 

Galaxy clusters, measured using light.

1E 0657-558  
X-ray (red): NASA/CXC/CfA/ M. Markevitch et al.;  
Lensing map (blue): NASA/STScI; ESO WFI; Magellan/U.Arizona/ D. Clowe et al.  
Optical: NASA/STScI; Magellan/U.Arizona/D. Clowe et al.;
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Galaxy cluster collisions, more than one…

NASA/ESA/STScI/CXC, D. Harvey, R. Massey, A. Taylor, E. Tittley
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Figure S2: Observed offsets between galaxies, gas and dark matter in 72 components of sub-
structure. In each case, the green triangle, at the centre of the coordinate system, denotes the
position of the galaxies. The separation between galaxies and gas, �SG, is shown in red. The
separation of the dark matter with respect to the galaxies, projected onto the SG vector, �SI, is
shown in blue. The error bars show the locally estimated 1� errors.
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“(…), we detect 
the existence of 
dark mass at 

7.6 σ 

significance.”

D. Harvey et al., Science, Vol. 347 no. 6229 pp. 1462-1465 (2015)

found via gravitational lensing
Dark mattervisible in X-rays

Hot, diffuse gas

(Stars in) galaxies
visible in optical

Direction of motion

I
S

G D

Figure 1: Cartoon showing the three components in each piece of substructure, and their relative
offsets, illustrated by black lines. The three components remain within a common gravitational
potential, but their centroids become offset due to the different forces acting on them, plus
measurement noise. We assume the direction of motion to be defined by the vector from the
diffuse, mainly hydrogen gas (which is stripped by ram pressure) to the galaxies (for which
interaction is a rare event). We then measure the lag from the galaxies to the gas �SG, and to the
dark matter in a parallel �SI and perpendicular �DI direction.
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Do we understand the universe?
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“I have a good idea every two years. Give me 
a topic, I will give you the idea.”  (Fritz Zwicky)

�12
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Do we understand our universe?
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Relativistic gravitation theory for the modified Newtonian dynamics paradigm

Jacob D. Bekenstein*,†

Racah Institute of Physics, Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904 Israel
(Received 29 March 2004; published 13 October 2004)

The modified Newtonian dynamics (MOND) paradigm of Milgrom can boast of a number of
successful predictions regarding galactic dynamics; these are made without the assumption that dark
matter plays a significant role. MOND requires gravitation to depart from Newtonian theory in the
extragalactic regime where dynamical accelerations are small. So far relativistic gravitation theories
proposed to underpin MOND have either clashed with the post-Newtonian tests of general relativity, or
failed to provide significant gravitational lensing, or violated hallowed principles by exhibiting
superluminal scalar waves or an a priori vector field. We develop a relativistic MOND inspired theory
which resolves these problems. In it gravitation is mediated by metric, a scalar, and a 4-vector field, all
three dynamical. For a simple choice of its free function, the theory has a Newtonian limit for
nonrelativistic dynamics with significant acceleration, but a MOND limit when accelerations are small.
We calculate the ! and " parameterized post-Newtonian coefficients showing them to agree with solar
system measurements. The gravitational light deflection by nonrelativistic systems is governed by the
same potential responsible for dynamics of particles. To the extent that MOND successfully describes
dynamics of a system, the new theory’s predictions for lensing by that system’s visible matter will agree
as well with observations as general relativity’s predictions made with a dynamically successful dark
halo model. Cosmological models based on the theory are quite similar to those based on general
relativity; they predict slow evolution of the scalar field. For a range of initial conditions, this last result
makes it easy to rule out superluminal propagation of metric, scalar, and vector waves.

DOI: 10.1103/PhysRevD.70.083509 PACS numbers: 95.35.+d, 04.80.Cc, 95.30.Sf, 98.62.Sb

I. INTRODUCTION

In the extragalactic regime, where Newtonian gravita-
tional theory would have been expected to be an excellent
description, accelerations of stars and gas, as estimated
from Doppler velocities and geometric considerations,
are as a rule much larger than those due to the
Newtonian field generated by the visible matter in the
system [1,2]. This is the ‘‘missing mass’’ problem [3] or
‘‘acceleration discrepancy’’ [4]. It is fashionable to infer
from it the existence of much dark matter in systems
ranging from dwarf spheroidal galaxies with masses
!106 M" to great clusters of galaxies in the 1013 M"
regime [3,5]. And again, galaxies and clusters of galaxies
are found to gravitationally lense background sources.
When interpreted within general relativity (GR), this
lensing is anomalously large unless one assumes the
presence of dark matter in quantities and with distribution
similar to those required to explain the accelerations of
stars and gas. Thus extragalactic lensing has naturally
been regarded as confirming the presence of the dark
matter suggested by the dynamics.

But the putative dark matter has never been identified
despite much experimental and observational effort [6].
This raises the possibility that the acceleration discrep-
ancy as well as the gravitational lensing anomaly may

reflect departures from Newtonian gravity and GR on
galactic and larger scales. Now alternatives to GR are
traditionally required to possess a Newtonian limit for
small velocities and potentials; thus the acceleration dis-
crepancy also raises the possibility that the correct rela-
tivistic gravitational theory may be of a kind not
generally considered hitherto.

In the last two decades, Milgrom’s modified
Newtonian dynamics (MOND) paradigm [7–9] has
gained recognition as a successful scheme for unifying
much of extragalactic dynamics phenomenology without
invoking ‘‘dark matter.’’ In contrast with earlier sug-
gested modifications of Newton’s law of universal gravi-
tation [10–13], MOND is characterized by an
acceleration scale a0, not a distance scale, and its depar-
ture from Newtonian predictions is acceleration depen-
dent:

~##jaj=a0$a % & r!N: (1)

Here !N is the usual Newtonian potential of the visible
matter, while ~##x$ ' x for x( 1 and ~##x$ ! 1 for x)
1. Milgrom estimated a0 ' 1*10& 8 cm s& 2 from the
empirical data. In the laboratory and the solar system
where accelerations are strong compared to a0, formula
(1) goes over to the Newtonian law a % & r!N.

Milgrom constructed formula (1) to agree with the fact
that rotation curves of disk galaxies become flat outside

*Electronic address: bekenste@vms.huji.ac.il
†URL: http://www.phys.huji.ac.il/~bekenste/
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Emergent gravity and the dark universe

Erik Verlinde

Delta-Institute for Theoretical Physics, Institute of Physics, University of Amsterdam,
Science Park 904, 1090 GL Amsterdam, The Netherlands

e.p.verlinde@uva.nl

Abstract To Maria

Recent theoretical progress indicates that spacetime and gravity emerge together from
the entanglement structure of an underlying microscopic theory. These ideas are best
understood in Anti-de Sitter space, where they rely on the area law for entanglement
entropy. The extension to de Sitter space requires taking into account the entropy and
temperature associated with the cosmological horizon. Using insights from string the-
ory, black hole physics and quantum information theory we argue that the positive dark
energy leads to a thermal volume law contribution to the entropy that overtakes the area
law precisely at the cosmological horizon. Due to the competition between area and vol-
ume law entanglement the microscopic de Sitter states do not thermalise at sub-Hubble
scales: they exhibit memory effects in the form of an entropy displacement caused by
matter. The emergent laws of gravity contain an additional ‘dark’ gravitational force de-
scribing the ‘elastic’ response due to the entropy displacement. We derive an estimate of
the strength of this extra force in terms of the baryonic mass, Newton’s constant and the
Hubble acceleration scale a0 = cH0, and provide evidence for the fact that this additional
‘dark gravity force’ explains the observed phenomena in galaxies and clusters currently
attributed to dark matter.
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“Failure is an option here. If things are 
not failing, you are not innovating 

enough.”  (Elon Musk)

�14
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DRAGONFLY in New Mexico
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NGC 1052-DF2: The galaxy without Dark Matter.

Nature 555, 629–632 (2018) 
Picture: NASA, ESA, and P. van Dokkum (Yale University)

“NGC1052–DF2 demonstrates that dark matter 
is not always coupled with baryonic matter on 

galactic scales.”

2 9  M A R C H  2 0 1 8  |  V O L  5 5 5  |  N A T U R E  |  6 2 9

LETTER
doi:10.1038/nature25767

A galaxy lacking dark matter
Pieter van Dokkum1, Shany Danieli1, Yotam Cohen1, Allison Merritt1,2, Aaron J. Romanowsky3,4, Roberto Abraham5, 
Jean Brodie4, Charlie Conroy6, Deborah Lokhorst5, Lamiya Mowla1, Ewan O’Sullivan6 & Jielai Zhang5

Studies of galaxy surveys in the context of the cold dark matter 
paradigm have shown that the mass of the dark matter halo and 
the total stellar mass are coupled through a function that varies 
smoothly with mass. Their average ratio Mhalo/Mstars has a minimum 
of about 30 for galaxies with stellar masses near that of the Milky 
Way (approximately 5 × 1010 solar masses) and increases both 
towards lower masses and towards higher masses1,2. The scatter 
in this relation is not well known; it is generally thought to be less 
than a factor of two for massive galaxies but much larger for dwarf 
galaxies3,4. Here we report the radial velocities of ten luminous 
globular-cluster-like objects in the ultra-diffuse galaxy5 NGC1052–
DF2, which has a stellar mass of approximately 2 × 108 solar masses. 
We infer that its velocity dispersion is less than 10.5 kilometres per 
second with 90 per cent confidence, and we determine from this 
that its total mass within a radius of 7.6 kiloparsecs is less than 
3.4 × 108 solar masses. This implies that the ratio Mhalo/Mstars is of 
order unity (and consistent with zero), a factor of at least 400 lower 
than expected2. NGC1052–DF2 demonstrates that dark matter is not 
always coupled with baryonic matter on galactic scales.

NGC1052–DF2 was identified with the Dragonfly Telephoto Array6 
in deep, wide-field imaging observations of the NGC 1052 group. The 
galaxy is not a new discovery; it was catalogued previously in a visual 
search of digitized photographic plates7. It stood out to us because of 
the remarkable contrast between its appearance in Dragonfly images 
and Sloan Digital Sky Survey (SDSS) data: with Dragonfly it is a low- 
surface-brightness object with some substructure and a spatial extent 
of about 2′ , whereas in SDSS it appears as a collection of point-like 
sources. Intrigued by the likelihood that these compact sources are 
associated with the low-surface-brightness object, we obtained 
 follow-up spectroscopic observations of NGC1052–DF2 using the 
10-m W. M. Keck Observatory. We also observed the galaxy with the 
Hubble Space Telescope (HST).

A colour image generated from the HST V606 and I814 data is shown 
in Fig. 1. The galaxy has a striking appearance. In terms of its  apparent 
size and surface brightness, it resembles dwarf spheroidal  galaxies such 
as those recently identified8 in the M101 group at 7 Mpc, but the fact 
that it is only marginally resolved implies that it is at a much greater 
distance. Using the I814 band image, we derived a surface- brightness-
fluctuation distance of DSBF =  19.0 ±  1.7 Mpc (see Methods). It is 
located only 14′  from the luminous elliptical galaxy NGC 1052, 
which has distance measurements ranging from 19.4 Mpc to 21.4 Mpc  
(refs 9, 10). We infer that NGC1052–DF2 is associated with NGC 1052, 
and we adopt D ≈   20 Mpc for the galaxy.

We parameterized the galaxy’s structure with a two-dimensional 
Sérsic profile11. The Sérsic index is n =  0.6, the axis ratio is b/a =  0.85, 
the central surface brightness is µ(V606,0) =  24.4 mag arcsec− 2, and 
the effective radius along the major axis is Re =  22.6″ , or 2.2 kpc. We 
conclude that NGC1052–DF2 falls in the ‘ultra-diffuse galaxy’ (UDG) 
class5, which have Re >  1.5 kpc and µ(g, 0) >  24 mag arcsec− 2. In terms 
of its structural parameters, it is very similar to the galaxy Dragonfly 17 

in the Coma cluster5. The total magnitude of NGC1052–DF2 is M606 =   
−  15.4, and the total luminosity is LV =  1.1 ×   108 solar luminosities, L⊙. 
Its colour V606 −   I814 =  0.37 ±  0.05 in the AB magnitude system, similar 
to that of other UDGs and metal-poor globular clusters12. The stellar 
mass was determined in two ways: by placing a stellar population at 
D =  20 Mpc that matches the global properties of NGC1052–DF2 (see 
Methods), and by assuming M/LV =  2.0 as found for globular clusters13. 
Both methods give Mstars ≈   2 ×   108 solar masses, M⊙.

We obtained spectroscopy of objects in the NGC1052–DF2 field with 
the W. M. Keck Observatory. Details of the observations and data 
reduction are given in the Methods section. We found ten objects with 
a radial velocity close to 1,800 km s− 1 (all other objects are Milky Way 
stars or background galaxies). We conclude that there is indeed a popu-
lation of compact, luminous objects associated with NGC1052–DF2. 
Their spectra near the strongest calcium triplet lines are shown in  
Fig. 2. The mean velocity of the ten objects is 〈 〉v  =  −

+1,803 2
2 km s− 1. The 

1Astronomy Department, Yale University, New Haven, Connecticut 06511, USA. 2Max-Planck-Institut für Astronomie, Königstuhl 17, D-69117 Heidelberg, Germany. 3Department of Physics and 
Astronomy, San Jose State University, San Jose, California 95192, USA. 4University of California Observatories, 1156 High Street, Santa Cruz, California 95064, USA. 5Department of Astronomy  
& Astrophysics, University of Toronto, 50 St. George Street, Toronto, Ontario M5S 3H4, Canada. 6Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 
02138, USA.
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Figure 1 | HST/Advanced Camera for Surveys (ACS) image of  
NGC1052–DF2. NGC1052–DF2 was identified as a large (approximately 2′ )  
low-surface-brightness object, at right ascension α =  2 h 41 min 46.8 s, 
declination δ =  −  8° 24′  12″  (J2000). HST imaging of NGC1052–DF2 was 
obtained on 2016 November 10, using the ACS. The exposure time was 2,180 s 
in the V606 filter and 2,320 s in the I814 filter. The image spans 3.2′  ×   3.2′ , or 
18.6 kpc ×   18.6 kpc at the distance of NGC1052–DF2; north is up and east is to 
the left. Faint striping is caused by imperfect charge-transfer-efficiency removal. 
Ten spectroscopically confirmed luminous compact objects are marked.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

The fact that we had not 
seen such galaxies was a 
problem for particle 
“Dark Matter”.
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21cm Hydrogen signal from the cosmic dawn: EDGES

Rep. Prog. Phys. 75, 086901 (2012)

CONTENTS 5

Figure 1. The 21-centimeter cosmic hydrogen signal. (a) Time evolution of
fluctuations in the 21-cm brightness from just before the first stars formed through
to the end of the reionization epoch. This evolution is pieced together from
redshift slices through a simulated cosmic volume [1]. Coloration indicates the
strength of the 21-cm brightness as it evolves through two absorption phases
(purple and blue), separated by a period (black) where the excitation temperature
of the 21-cm hydrogen transition decouples from the temperature of the hydrogen
gas, before it transitions to emission (red) and finally disappears (black) owing to
the ionization of the hydrogen gas. (b) Expected evolution of the sky-averaged
21-cm brightness from the “dark ages” at redshift 200 to the end of reionization,
sometime before redshift 6 (solid curve indicates the signal; dashed curve indicates
Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating
and ionization of the hydrogen gas. There is considerable uncertainty in the exact
form of this signal, arising from the unknown properties of the first galaxies.

by a logarithmic slope or “tilt” nS = 0.95, and the variance of matter fluctuations
today smoothed on a scale of 8h�1 Mpc is �8 = 0.8. The values quoted are indicative
of those found by the latest measurements [2].

The layout of this review is as follows. We first discuss the basic atomic physics
of the 21 cm line in §2. In §3, we turn to the evolution of the sky averaged 21 cm
signal and the feasibility of observing it. In §4 we describe three-dimensional 21 cm
fluctuations, including predictions from analytical and numerical calculations. After
reionization, most of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation). In §5 we describe the
prospects for intensity mapping of this signal as well as using the same technique
to map the cumulative emission of other atomic and molecular lines from galaxies
without resolving the galaxies individually. The 21 cm forest that is expected against
radio bright sources is described in §6. Finally, we conclude with an outlook for the
future in §7.

We direct interested readers to a number of other worthy reviews on the subject.
Ref. [3] provides a comprehensive overview of the entire field, and Ref. [4] takes a
more observationally orientated approach focussing on the near term observations of
reionization.

Absorption Emission

LETTERRESEARCH

Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature 555, 67-70 (2018)
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21cm Hydrogen signal from the cosmic dawn: Dark Matter?
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
measurement at cosmic dawn of the scale of the baryon acoustic oscil-
lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝  v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =   1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >   z >   15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s− 1 Mpc− 1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =   20, falling to 5.4 K at z =   15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =   2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >   26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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Standard Astro Models 
(Cohen, Fialkov, 

Barkana, 2017) 
 

EDGES LB  

EDGES Best Fit Flattened Gaussian vs 
Astrophysical Scenarios 
 

Hard to explain with a “standard” astrophysical model 

Anastasia Fialkov, talk at DM@LHC 2018

Comparison to 
astrophysical models: 
Factor 2 discrepancy.

Primordial gas much colder than expected?  
→ Additional cooling mechanism via 
interactions between dark matter and 
baryons?
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@SLAC
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Direct Searches: DM + SM → DM + SM 

Belina von Krosigk, talk at DM@LHC 2018

2

SuperCDMS SNOLAB DETECTORS

Soudan: Ge:  à 0.6 kg.
      Total: Ge:     ~ 9 kg.

SNOLAB: Ge: à 1.4 kg.
                 Si:  à 0.6 kg.
       Total: Ge: ~ 25 kg.
       Total: Si:  ~ 3.6 kg.

4 towers initially; Space for 31 towers in cryostat.

Operation temperature ~15-30 mK.

High-purity Ge and Si crystals.

Measurement of athermal phonon signal via transition edge sensors.

Bias voltage:

iZIP: < 10 V =>  Phonon + ionization signal => Nuclear / Electron Recoil discrimination.
HV:  ~100 V=>  Phonon ampliDcation of ionization signal => Very low threshold.

iZIP detector HV detector

3

DM DETECTION CHANNELS - Nuclear Recoil

Spin-independent (SI) elastic WIMP-nucleon scattering. 

Primary Dark Matter search.

Spin-dependent (SD) elastic WIMP-nucleon scattering.

Dominant backgrounds have Electron Recoil signature. 

Prediction in 
Ge HV detectors 
after Dducial cuts:

1 GeV  WIMP                   10 GeV WIMP      with σ = 10-42 cm2.

Total
3H and Comptons
Ge activation
Surface betas
Surface 206Pb
Coherent neutrinos
Neutrons

Example: SuperCDMS
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Direct Searches: DM + SM → DM + SM 

E. Figueroa-Feliciano, talk at Astroparticle Physics 2014
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Accelerator searches: SM + SM → DM + DM
https://arxiv.org/pdf/1506.03116.pdf

EFT Simple Complete
Complexity (too?) low medium (too?) high

Free parameters 1 ~5 20+
Exp. signatures weak some clear

https://arxiv.org/pdf/1506.03116.pdf
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“Our goal is to make the best devices in the 
world, not to be the biggest.” (Steve Jobs)

�23
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B-Factories
• Belle at KEKB (Japan) and BaBar at PEP-II (US). 

• Very high luminosity: ~2×1034 /cm2/s (Belle) 

• Collision energy at Y(nS):  
Mainly at ECM = 10.58 GeV.  
BR(Y(4S)→ BB̄) > 96% 

• Asymmetric beam energies: 
8 GeV (e-) / 3.5 GeV (e+) (Belle) 
→ Boosted BB̄ pairs. 

• Many analysis still statistically limited.
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B-Factories: Collider world record and towards SuperKEKB

6/34Torben Ferber, DESY

From KEKB to SuperKEKB.

*L = 50 ab-1 by 2025 (50x Belle)
Lpeak = 8 1 1035cm-2s-1 (40x KEKB)
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From high luminosities (KEKB) to extreme luminosities (SuperKEKB)

7/34Torben Ferber, DESY

Nano beam scheme.

KEKB Super-KEKB

L=
γ±

2er e

(1+
σ y

*

σ x

*
)
I± ξ y±

βy±

RL

Rξy

vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

KEKB e+/e- 
E (GeV): 3.5/8.0 
I (A): ~ 1.6/1.2 
β*y (mm): ~5.9/5.9 
Crossing angle (mrad): 22

7/34Torben Ferber, DESY

Nano beam scheme.

KEKB Super-KEKB

L=
γ±

2er e

(1+
σ y

*

σ x

*
)
I± ξ y±

βy±

RL

Rξy

vertical beta function at IP

beam current

factor 2-3factor 20

83mrad

SuperKEKB e+/e- 
E (GeV): 4.0/7.0 
I (A): ~ 3.6/2.6 
β*y (mm): ~0.27/0.3 
Crossing angle (mrad): 83 
→ Luminosity increase x40

4.0 GeV

7.0 GeV
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Projected luminositySuperKEKB luminosity projection

Goal of Be!e II/SuperKEKB
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Phase 1 
w/o QCS/Belle II

Phase 2 
BEAST II, no VXD

Phase 3 
Physics run w/ VXD

40× Belle

Reached 
at Belle

50× Belle
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Status of SuperKEKB: Collision tuning

http://www-linac.kek.jp/skekb/snapshot/dailysnap.html
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Belle II detector (Phase 3)

positrons e+

electrons e-

KL and muon detector (KLM):  
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel) 

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling to measure time, 
energy, and pulse-shape. 
No projective gaps between crystals. 

Vertex detectors (VXD):  
2 layer DEPFET pixel detectors (PXD) 
4 layer double-sided silicon strip detectors (SVD) 

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics 

Magnet: 
1.5 T superconducting 

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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Belle II detector (Phase 2)

positrons e+

electrons e-

KL and muon detector (KLM):  
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel) 

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling to measure time, 
energy, and pulse-shape. 
No projective gaps between crystals. 

BEAST II background monitors 
1/8 PXD, 1/16 SVD 
Additional background monitors. 

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics 

Magnet: 
1.5 T superconducting 

Phase 2

cmarinas@uni-bonn.de
2

• The SuperKEKB accelerator will be 
operating, for the first time, with 
QCS magnets
First operation with focused beams
First beam collisions 

• The Belle II detector, minus the 
vertex detector (VXD), rolled into 
the beam line

Ph
as

e 
2 

(B
EA

ST
 II

)

Phase 2: BEAST and partial  Belle II
Phase 3: Full Belle II detector

x1035

Phase 3

Physics run with VXD

Phase 2 is about to start:
→ Moved from development and installation towards integration and operations

Trigger: 
Hardware: < 8 kHz 
no software trigger

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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18.01.2018

13.02.2018

18.01.2018
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Status of Belle II: First collisionsFirst Belle II event: 26 April 2018 00:38 GMT+09:00 
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Belle II detector: Electromagnetic calorimeter geometry

The Belle II electromagnetic calorimeter is designed 
asymmetrically: 
• Not optimal to measure charge asymmetries. 
• Ideal for uniform photon efficiency.

Φ
Belle II 

Belle II 

✓ 
✗ 
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Belle II: Beam Backgrounds
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Belle II: No collision pile-up in electromagnetic calorimeter.
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Belle II detector: Electromagnetic calorimeter, performance
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Belle II: Towards data taking in Phase 2.
• No vertex detectors: Rather bad vertex resolution. Momentum resolution for high pt tracks almost 

unaffected. 

• Very high relative trigger bandwidth (rate/luminosity): Loose triggers at L1. 

• Low(er) beam backgrounds, but from experience we expect the initial backgrounds to be rather high until 
everything is optimized. 

• No high-level trigger (HLT) that rejects events → smaller trigger systematics. 

• Less material in front of calorimeter but also less formal approach setting up the cables and other service 
materials… 

• New accelerator, new detector, new reconstruction software: Learning phase. 

• Small dataset compared to BaBar and Belle → Better sensitivity must come from better triggers or 
detector.
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“Measure what can be measured, and make 
measurable what cannot be measured.”  

(Galileo Galilei)

�38
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Dark Photons

ϵ

γ A′

χ1

χ2

γ

SM leptons 
or 
Dark Matter

Standard Model 
SU(3)C x SU(2)L x U(1)Y

Dark Sector 
U(1)D (massive)×γ A’ 

• In the so called Vector Portal, a 
(massive) Dark Photon A can mix with 
the SM photon with strength ε. 

• If there is a sufficiently light Dark Matter 
(DM) particle, the A will dominantly 
decay into DM: Invisible final state. 

• Search for e+e-→Aγ by searching for a 
single, high energetic photon: 
Bump-hunt in recoil mass energy (or 
photon energy).
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Dark Photons

Off-shell  
heavy A’

yes no

Off-shell light A’ On-shell light A’

yes no

A’ on-shell  
decay to DM

Long-lived ultra 
light A’

Off-shell heavy A’

Off-shell light A’

On-shell decay  
to DM

Long-lived ultra light A’
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Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

�41

Invisible Dark Photon decays
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Invisible Dark Photon decays: Trigger threshold
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Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

ETrigger = 1.8 GeV

             sqrt(s) = 10.58 GeV 
             sqrt(s) = 11.02 GeV

ETrigger = 1.2 GeV
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Invisible Dark Photon decays: L1 trigger plan (no details)

Bit Phase 2 description Prescale

Phase 2 Changes for 2020 Prescale


2020

0 3 or more 3D tracks

1 2 3D tracks, ≥1 within 25 cm, not a trkBhabha 2 3D tracks, ≥1 within 10 cm, not a trkBhabha

2 2 3D tracks, not a trkBhabha 20 20

3 2 3D tracks, trkBhabha 2

4 1 track, <25cm, clust same hemi, no 2 GeV clust 1 track, <10cm, clust same hemi, no 2 GeV clust

5 1 track, <25cm, clust opp hemi, no 2 GeV clust 1 track, <10cm, clust opp hemi, no 2 GeV clust

6 ≥3 clusters inc. ≥1 300 MeV, not an eclBhabha ≥3 clusters inc. ≥2 300 MeV, not an eclBhabha

7 2 GeV E* in [4,14], not a trkBhabha

8 2 GeV E* in [4,14], trkBhabha 2

9 2 GeV E* in 2,3,15,16, not eclBhabha

10 2 GeV E* in 2,3,15 or 16, eclBhabha

11 2 GeV E* in 1 or 17, not eclBhabha 10 20

12 2 GeV E* in 1 or 17, eclBhabha 10 20

13 exactly 1 E*>1 GeV and 1 E>300 MeV, in [4,15]

14 exactly 1 E*>1 GeV and 1 E>300 MeV, in 2,3 or 
16 5

15 clusters back-to-back in phi, both >250 MeV, 

no 2 GeV

16 clusters back-to-back in phi, 1 <250 MeV, no 2 
GeV

clust back-to-back in phi, <250 MeV, no 2 GeV, 

no trk>25cm 3

17 clusters back-to-back in 3D, no 2 GeV 5

Tracks only

Clusters

Tracks and clusters

A→Invisible

ϒ(3S)→ππϒ(1S), Z’→Invisible

ISR, ALPs

ALPs from γγ fusion
Endcap muons

ττ 

Phase 2 and 2019 Changes for 2020

low mass ALPs
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Invisible Dark Photon decays: backgrounds

Background MC, 40 fb-1  

after selection

ee→eeγ 
both electrons  

out of tracking acceptance

ee→2γ and 3γ 
1γ in ECL 90° gap 

1γ out of ECL acceptance

ee→2γ 
1γ in ECL BWD or FWD gap

ee→3γ 
1γ in ECL BWD gap 

1γ out of ECL acceptance



 Searches for DM and ALPs at Belle II  (Torben Ferber) �45

Invisible Dark Photon decays: Material effects
• Measure photon efficiency for E→0 

GeV and tune material model 
(cables, …): 

• ee→ee in gaps by tuning of 
energy depositions close to 
extrapolated tracks. 

• ee→γγ in endcaps and at 90° by 
tuning of shower shape and 
shower splitting variables (right 
figure). Very sensitive to material in 
front of the ECL.
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Very sensitive to 
material in front of ECL.
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Belle II: Invisible Dark Photon decays, expected sensitivity

 (GeV)A'm
2−10 1−10 1 10

ε

4−10

3−10

2−10

BaBar 2017

E787, E949

NA64

σ 2±
µ

(g-2)

α vs e(g-2)

 (simulation)-1Expected sensitivity Belle II 20 fb

B2TIP, to be submitted to PTEP (2018)
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Belle II: Invisible Dark Photon decays, expected sensitivity

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m

D
α 2 ε

y 
= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137
LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: Dark Photons to invisible (``Single photon search’’)

16

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m D

α 2 ε
y 

= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137

LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

αD = 0.5 
3mχ = mA’ 

B2TIP, to be submitted to PTEP (2017).

Belle II (20 fb-1) 
Belle II (50 ab-1)  

B2TIP, to be submitted to PTEP (2018)

References: 
J. Alexander et al. (2016), arXiv:1608.08632 
Natalia Toro, private communication (20170 
J. P. Lees et al., BaBar (2017), arXiv:1702.0332 
B2TIP, to be submitted in PTEP (2018)

*Relic density lines assume a standard 
cosmological history and that there is only a 
single component of dark matter, which only 
interacts via Dark Photon exchange.

Bounds from relic  
Dark Matter density*

Belle II (20 fb-1) 
Belle II (50 ab-1)

Belle II calorimeter has 
no gaps in the barrel.
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Belle II: Visible Dark Photon decays, expected sensitivity
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“I prefer to work with grey characters rather 
than black and white.”  
(George R.R. Martin)
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Belle II: ALPs decaying into two photons

Recoil photon

ALP→2 photons

• Axion-like particles (ALPs) are 
pseudo-scalars and couple to bosons. 
Unlike QCD Axions, ALPs have no 
relation between mass and coupling.  

• Focus on coupling to photons (gaγγ). 

• B-decays give access to coupling to 
charged bosons (need rather large 
datasets ≫1ab-1 to improve). 

• No Belle or BaBar publication yet.
a

γ
∗

γ

γ

γ

e
+

e
−

γ

γ

γ
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Belle II: ALPs decaying into two photons

FIG. 1. Excluded regions in ALP parameter space (figure adapted from [6, 10–12] with added

limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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limits from [13–19]). Our bound is shown in dark blue (“SN decay”).

We focus on SN 1987a, which has already been exploited to derive a variety of limits

on ALPs. Perhaps the simplest one arises from the energy loss implied by significant ALP

emission, which would reduce the measured neutrino burst below the ⇠ 10 s observed by

neutrino detectors [20, 21] (light green region labelled SN 1987a in Fig. 1). For very light

ALPs with masses below ma < few⇥ 10�10 eV a better limit can be obtained by taking into

account that ALPs emitted from the supernova can convert into photons in the magnetic field

of the galaxy [22, 23], but no gamma-ray signal was ever detected after SN 1987a [17, 24–28]

(dark green region labelled SN 1987a)1. For heavier ALPs this does not work because the

reconversion into photons is strongly suppressed.

For su�ciently heavy ALPs with masses in the 10 keV - 100 MeV region however, an-

other process becomes possible: the decay into two photons. This possibility was analysed

1 For a future supernova the sensitivity could be improved employing Fermi-LAT [29].
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ALP decays outside of 
the detector or decays 
into invisible particles: 
Single photon final state.

Two of the 
photons  overlap 

or merge.

Three resolved, 
high energetic 
photons.

The searches for 
invisible and visible 
ALP decays veto this 
region.
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ma [GeV]

g a
γγ
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-1
]

0.1 m
(Belle II lab)

3 m
(Belle II lab)

Displaced

Invisible Merged Resolved

Figure 5: Illustration of the di↵erent kinematic regimes relevant for ALP decays into two

photons with Belle II.

It should be noted that while the dominant physics background for this study comes

from e+e� ! ��(�) events, the largest fraction of the trigger rate for trigger thresholds

. 1.8GeV is due to radiative Bhabha events e+e� ! e+e��(�) where both tracks are out

of the detector acceptance.

5.2 ALP decays into two photons

The experimental signature of the decays into two photons is determined by the relation

between mass and coupling of the ALP. This relation a↵ects both the decay length of the

ALP and the opening angle of the decay photons. It leads to four di↵erent experimental

signatures (see figure 5):

1. ALPs with a mass of O(GeV) decay promptly, and the opening angle of the decay

photons is large enough that both decay photons can be resolved in the Belle II

detector (resolved).

2. For lighter ALP masses but large couplings ga�� , the decay is prompt but the ALP is

highly boosted and the decay photons merge into one reconstructed cluster in Belle II

calorimeter if ma . 150MeV (merged).15

3. Even lighter ALPs decay displaced from the interaction point but still inside the

Belle II detector. This is a challenging signature that consists of two reconstructed

clusters, one of which has a displaced vertex and contains two merged photons. The

latter two conditions typically yield a bad quality of the reconstructed photon can-

didate which is not included in resolved searches with final state photons. There

is however enough detector activity in the ECL or KLM that these are vetoed in

searches for invisible final states to reduce high rate e+e� ! �� backgrounds.

15
This corresponds to an average opening angle of about (3� 5)

�
in the lab system that depends on the

position in the detector.

– 17 –

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg 
J. High Energ. Phys. (2017) 2017: 94.
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Belle II: ALPs decaying into two photons

• Select events with three ECL clusters with 
E ≥ 0.25 GeV and search for a bump in 
the invariant 2γ mass spectrum. 

• Backgrounds are ee→γγγ and ee→γγ  
followed by γ→ee (pair conversion) 
outside of the tracking volumes. 

• Requires a single photon trigger for long-
lived ALPs and a good cluster separation 
for low mass ALPs at trigger level. 10-4 10-3 10-2 10-1 100 101

10-7

10-6

10-5

10-4

10-3

10-2

10-1

ma [GeV]

g
a
�
�
[G

e
V
-

1
]

SHiP

Belle II � + inv (20 fb
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Belle II � + inv (50 ab
-1)

Belle II 3�

(20 fb
-1 )

Belle II 3�

(50 ab
-1 )

ga�Z = 0

Figure 7: Projected Belle II sensitivity (90% CL) compared to existing constraints on

ALPs with photon coupling (left) and hypercharge coupling (right), as well as the projected

sensitivities from SHiP [22] and the LHC [28].

photon (three photon) combination (see figure 6). The photon angle separation distance of

2ECL crystals is a conservative estimate of the Belle II o✏ine reconstruction performance

and can likely be improved using advanced reconstruction techniques based on Machine

Learning methods, and by using shower shape techniques similar to those applied in high

energy ⇡0 reconstruction. We show the e�ciency for single ECL crystal di↵erence for

comparison as well.

Events from e+e� ! �(a ! ��) are typically triggered by three energy depositions

of at least 0.1GeV in the ECL. Unlike in the Belle II o✏ine reconstruction, the photon

reconstruction at trigger level is much simpler and has a worse angular separation power.

We expect that a separation of less than 4 ECL crystals will result in merged photon clusters

and make this trigger ine�cient for ALP masses below about 0.5GeV. An ideal trigger will

require at least two highly energetic ECL clusters and must not satisfy e+e� ! e+e�

(Bhabha) vetoes. However, any e+e� ! �� veto decision must be delayed to the high

level trigger where o✏ine reconstruction is available in order to maintain a high trigger

e�ciency for low mass ALPs.

We obtain the expected 90% CL sensitivity as described above. The sensitivity for

long-lived ALPs decaying into two photons is determined from the sensitivity of ALP

decays into DM, taking into account the reduced e�ciency given by eq. (2.6) using a

detector length16 of LD = 300 cm [96]. The projected sensitivities to the coupling ga�� are

summarized as a function of ALP mass ma in figure 7.

We make a number of important observations from figure 7. First of all, we note that

for very light ALPs (i.e. ma ⇠ 1MeV) Belle II single-photon searches can push significantly

beyond current constraints from beam dump experiments and can potentially explore the

16
The event selection includes a veto of energy depositions in the KLM. The detector length is hence

taken as approximate outer radius of the barrel KLM.

– 20 –

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg 
J. High Energ. Phys. (2017) 2017: 94.
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Belle II: ALPs with γZ couplings and invisible decays
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Figure 7: Projected Belle II sensitivity (90% CL) compared to existing constraints on

ALPs with photon coupling (left) and hypercharge coupling (right), as well as the projected

sensitivities from SHiP [22] and the LHC [28].

photon (three photon) combination (see figure 6). The photon angle separation distance of

2ECL crystals is a conservative estimate of the Belle II o✏ine reconstruction performance

and can likely be improved using advanced reconstruction techniques based on Machine

Learning methods, and by using shower shape techniques similar to those applied in high

energy ⇡0 reconstruction. We show the e�ciency for single ECL crystal di↵erence for

comparison as well.

Events from e+e� ! �(a ! ��) are typically triggered by three energy depositions

of at least 0.1GeV in the ECL. Unlike in the Belle II o✏ine reconstruction, the photon

reconstruction at trigger level is much simpler and has a worse angular separation power.

We expect that a separation of less than 4 ECL crystals will result in merged photon clusters

and make this trigger ine�cient for ALP masses below about 0.5GeV. An ideal trigger will

require at least two highly energetic ECL clusters and must not satisfy e+e� ! e+e�

(Bhabha) vetoes. However, any e+e� ! �� veto decision must be delayed to the high

level trigger where o✏ine reconstruction is available in order to maintain a high trigger

e�ciency for low mass ALPs.

We obtain the expected 90% CL sensitivity as described above. The sensitivity for

long-lived ALPs decaying into two photons is determined from the sensitivity of ALP

decays into DM, taking into account the reduced e�ciency given by eq. (2.6) using a

detector length16 of LD = 300 cm [96]. The projected sensitivities to the coupling ga�� are

summarized as a function of ALP mass ma in figure 7.

We make a number of important observations from figure 7. First of all, we note that

for very light ALPs (i.e. ma ⇠ 1MeV) Belle II single-photon searches can push significantly

beyond current constraints from beam dump experiments and can potentially explore the

16
The event selection includes a veto of energy depositions in the KLM. The detector length is hence

taken as approximate outer radius of the barrel KLM.
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Figure 4: Present and future constraints on ALPs decaying into DM compared to the

parameter region where one can reproduce the observed DM relic abundance via resonant

annihilation of DM into photons. Note that this process is e�cient only if m� is slightly

smaller than ma/2 (see figure 3).

5.1 ALP decays into dark matter

We study decays of ALPs into DM from ALP-strahlung production for ALP masses up to

ma = 8.5GeV. Signal Monte Carlo events have been generated using MadGraph5 v2.2.2

[90]. We have generated samples using a fixed ALP mass per sample in steps of 0.05GeV

with 10,000 events each, using a branching ratio into DM of BR(a ! ��) = 1.0. The final

state consists of a single, highly energetic photon with an energy

E� =
s�m2

a

2
p
s

, (5.1)

where
p
s = 10.58GeV is the collision energy. This search is very similar to the search

of Dark Photon decays into DM described in ref. [44]. The backgrounds for this search

have been found to be due to high cross section QED processes e+e� ! e+e��(�) and

e+e� ! ��(�) where all but one photon are undetected. The background composition is

a complicated function of detector geometry details that cannot be adequately reproduced

without a full Belle II detector simulation. We therefore take the background rates from

ref. [44]. It should be noted that the irreducible background from e+e� ! ⌫⌫̄� is negligible.

We obtain the signal e�ciency for ALPs using generator-level Monte Carlo simulations.

We determine the expected 90% CL upper limit of signal events ns such that the

Poisson probability of observing less than n events when expecting ns+nb events is  0.1,

where n is the integer closest to the number of background events nb. Expected upper limits

on the coupling ga�� are summarized as a function of ALP mass ma in figure 4. The much

better expected sensitivity compared to BaBar is mainly due to the more homogeneous

calorimeter of Belle II. Figure 4 also shows the parameter ranges corresponding to resonant

freeze-out. We observe that, if DM annihilation into photons is resonantly enhanced,

– 16 –

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg 
J. High Energ. Phys. (2017) 2017: 94.

Relic Dark  
Matter Density

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg 
J. High Energ. Phys. (2017) 2017: 94.
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Belle II: ALPs around ma ≈ 100 MeV

• For small ma the two decay photons overlap at 
Belle II, reconstruction limits: 

• > 0.2 GeV (HLT and offline) 

• > 0.5 GeV (L1 trigger) 

• Do not prescale ee→γγ events at L1? 

• Additional challenge: SM background ee→γπ0 

• Possible solutions: 

• Improve L1 trigger clustering (detect overlaps) 

• Pair conversion (γ→ee) of one decay photon. 

• Photon fusion production of ALPs.
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Figure 7: Projected Belle II sensitivity (90% CL) compared to existing constraints on

ALPs with photon coupling (left) and hypercharge coupling (right), as well as the projected

sensitivities from SHiP [22] and the LHC [28].

photon (three photon) combination (see figure 6). The photon angle separation distance of

2ECL crystals is a conservative estimate of the Belle II o✏ine reconstruction performance

and can likely be improved using advanced reconstruction techniques based on Machine

Learning methods, and by using shower shape techniques similar to those applied in high

energy ⇡0 reconstruction. We show the e�ciency for single ECL crystal di↵erence for

comparison as well.

Events from e+e� ! �(a ! ��) are typically triggered by three energy depositions

of at least 0.1GeV in the ECL. Unlike in the Belle II o✏ine reconstruction, the photon

reconstruction at trigger level is much simpler and has a worse angular separation power.

We expect that a separation of less than 4 ECL crystals will result in merged photon clusters

and make this trigger ine�cient for ALP masses below about 0.5GeV. An ideal trigger will

require at least two highly energetic ECL clusters and must not satisfy e+e� ! e+e�

(Bhabha) vetoes. However, any e+e� ! �� veto decision must be delayed to the high

level trigger where o✏ine reconstruction is available in order to maintain a high trigger

e�ciency for low mass ALPs.

We obtain the expected 90% CL sensitivity as described above. The sensitivity for

long-lived ALPs decaying into two photons is determined from the sensitivity of ALP

decays into DM, taking into account the reduced e�ciency given by eq. (2.6) using a

detector length16 of LD = 300 cm [96]. The projected sensitivities to the coupling ga�� are

summarized as a function of ALP mass ma in figure 7.

We make a number of important observations from figure 7. First of all, we note that

for very light ALPs (i.e. ma ⇠ 1MeV) Belle II single-photon searches can push significantly

beyond current constraints from beam dump experiments and can potentially explore the

16
The event selection includes a veto of energy depositions in the KLM. The detector length is hence

taken as approximate outer radius of the barrel KLM.

– 20 –

Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg 
J. High Energ. Phys. (2017) 2017: 94.

?



 Searches for DM and ALPs at Belle II  (Torben Ferber)

“We'll go step by step and cut off every 
bulkhead and every vent until we have it 

cornered.” (Ellen Ripley - Alien)
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Other Dark Sector signatures
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Summary
• We do not understand our universe: SM vs. ΛCDM vs. MOND. 

• A multitude of different experiments searching for Dark Matter are coming to 
maturity in the next ~5 years. 

• Belle II will join the hunt for new mediators, ALPs and Dark Matter this year. 

• With only 20fb-1 Belle II will have world-leading sensitivity for invisible Dark 
Photon decays in the MeV to GeV mass range.


