
Fun with 
Composite Dark Matter

Hitoshi Murayama (Berkeley, Kavli IPMU)
2022 CAU BSM Workshop

Feb 8, 2022

᧲੩ᄢቇ
ࡠࠢࡑ࡞ࡏࡦࠪ ࠲ࠧࠗ ࡊ
ᣂ᧲ᄢ࡞ࡉ

2004.2.12

ၮᧄᒻ

ṽሼߺߩ

ߺߩ⺆⧷



SI
M

P

10
–30

10
–20

10
–10

10
0

10
10

10
20

10
30

10
40

10
50

mass
[GeV]

mirolensing etcto fluffy Q-balls

Q
C

D
 a

xi
on

10
–10

10
0

10
6

mass
[GeV]

moduli w/
vector 

mediation

gravitino
st

er
ile

 n
eu

tr
in

o

as
ym

m
et

ri
c 

D
M WIMP

de
fe

ct
s

non-thermal

Can’t do justice to many many ideas in the literature!

preheating

Dark 
hadrons



Why Composite?
• QCD is beautiful.  Nature may use it again
• Self-interacting dark matter
• large cross section and light dark matter: 

Dark QCD is perfect
• velocity dependence may need resonance:  

Dark QCD can provide it
• asymmetric dark matter
• need to shed symmetric component:  

Easy for Dark QCD
• Also hierarchy problem, baryon asymmetry



DDO 154 dwarf galaxy
DDO 154
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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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can be explained if dark matter scatters against itself
Need Self-Interacting Dark Matter σ/m ~ 1b / GeV

(Spergel, Steinhardt astro-ph/9909386)
if true, 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



Baryonic Feedback?

Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015Rvir as a function of M?/Mvir for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/Mvir ⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/Mvir . 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin

James S. Bullock and Michael Boylan-Kolchin, arXiv:1707.04256

Prime Focus
Spectrograph



Prime	Focus	Instrument

Wide	Field	
Corrector

Wide	Field	
Corrector

Fiber	Posi4oner		
(from	bo7om)

Spectrograph Fiber	Cable

Metrology	camera
Wide	Field	
Corrector

Prime Focus Spectrograph

7





Draco

Sculptor Fornax

Ursa Minor Sextans

PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~

NGC6822

tidal radius of
stellar comp.

Bootes I

also cosmology, galaxy evolution



Unified description
of SIDM

• Hans Bethe: effective 
range theory

• only two parameters to 
describe scattering at 
low velocities

• fully unitary and non-
perturbative

• ideal for simulations and 
phenomenology!
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Xiaoyong Chu, Camilo Garcia-Cely, HM, 
arXiv:1908.06067, JCAP 06 (2020) 043



Resonant scattering
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needs to be light
S2

S1

P1

10-7

10-5

10-3

10-1

101 102 103 104
γ

vR (km/s)

S2

S1
P1

10-1 100 101 102

m
˜
(GeV)

S2

S1
P1

10-8 10-6 10-4
10-3

10-2

10-1

100

mR/m-2

σ
0
/m

(c
m

2
/g
)

S2

S1
P1

10-1 100 101 102

m
˜
(GeV)

Xiaoyong Chu, Camilo Garcia-Cely, HM, 
Phys.Rev.Lett. 122 (2019) no.7, 071103 

m < 40 GeV (S-wave)
m < 7 GeV (P-wave)



Standard Freeze-out 
doesn’t work

• If self-interaction is in the 
S-wave, the unitarity limit 
says σ0<4πℏ2/(mv)2

• For σ/m~cm2/g for v~10–3, 
we need m<14 GeV

• CMB limit on dark matter 
annihilation m>20GeV

• GC γ ray: m>300GeV?
• options

• SIMP: 3→2
• asymmetric
• freeze-in
• down scattering
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FIG. 1: Planck CMB limits at 95% C.L. for DM annihilation
100% to individual channels: electrons (blue), muons (pur-
ple), taus (red), gluons (green), gamma rays (orange). Light
quarks and b-quarks overlap with the gluon line, so are not
shown for clarity. Thermal relic cross section is the black
dashed line [4].

IV. PLANCK CMB LIMITS

Anisotropies of the CMB provide powerful insight into
physical processes present during the cosmic dark ages.
Any injection of ionizing particles, including those from
DM annihilation, modifies the ionization history of hy-
drogen and helium gas, perturbing CMB anisotropies.
Measurements of these anisotropies therefore provide ro-
bust constraints on production of ionizing particles from
DM annihilation products. The most sensitive measure-
ments to date are by Planck [56], superseding earlier mea-
surements by WMAP [79].

A. Energy Injection from Annihilating DM

The power deposited by DM annihilation, controlled
by the parameter

pann = fe↵
h�vi

m�
, (2)

determines the strength of the CMB limit. Here h�vi is
the thermally averaged DM annihilation cross section and
m� is the DM mass. We calculate the weighted e�ciency
factor fe↵ by integrating our electron/positron and pho-

ton energy spectra from Pythia over the fe±,�
e↵

(E) curves

FIG. 2: Fraction of energy from primary DM annihilation
states into EM interacting products (electrons + positrons
+ photons). Shown are electrons e, muons µ, taus ⌧ , light
quarks q, b-quarks b, gluons g, W -bosons W , Z-bosons Z,
Higgs bosons H, and top-quarks t. The dashed line is the
hadronic resonance region.

calculated in Ref. [80],

fe↵(m�) =
1

2m�

Z m�

0

✓
f
e±

e↵

dN

dEe±
+ f

�
e↵

dN

dE�

◆
EdE.

(3)
Following Ref. [80], we neglect the contribution to en-
ergy deposition from protons and antiprotons; generally
only a small fraction of the total energy of the anni-
hilation products goes into pp̄ production, and protons
and antiprotons also deposit energy less e�ciently than
electrons, positrons, and photons [81]. Including these
contributions would slightly strengthen the constraints.
From Planck data, the 95% C.L. limit on pann is [56]

fe↵
h�vi

m�
< 4.1⇥ 10�28 cm3

/s/GeV. (4)

Figure 1 shows the single-channel limits on the cross sec-
tion from the CMB. Below 5 GeV DM mass, as there is
extra uncertainty in the Pythia spectra, we also present
arguments for the thermal WIMP exclusion based on
generic arguments about the e�ciency and energy injec-
tion rate, as discussed below.

B. Energy Injection Fractions

Figure 2 shows the fraction of power proceeding into
EM channels (electrons, positrons, and photons) is quite
stable as a function of DM mass, and is 26% or higher for

Rebecca Leane, Tracy Slatyer, John Beacom, 
Kenny Ng, arXiv:1805.10305v2
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Figure 1. The least constraining upper limit (95% C.L.) on the average DM cross section times relative velocity h�vi for
annihilation to bb̄, among a large number of GDE models and DM distributions considered. The GDE models allow for changes
in the interstellar gas, dust, and IC distributions. For both the gNFW (left) and cored (right) DM profiles, we considered
spherical and ellipsoidal shapes. For gNFW, the inner slope was also varied. See text and Fig. 2 for details. The dashed
black line is the thermal cross section [23]. The H.E.S.S. [24] and stacked dwarfs limits [20] are shown for comparison and do
not reflect the di↵erent GDE models and DM profiles. All the constraints shown assume that the DM is entirely made up
of one kind of particle. If this assumption is relaxed, then the constraints on h�vi should be weakened by the square of the
fraction of DM in the component being constrained. The data files and code necessary to reproduce this figure are available at
https://github.com/oscar-macias/Fermi_GC_limits.

presence of a core in the DM density profile with a size
of roughly a kpc. The origin of this core is not fully un-
derstood. Using the Eris simulation [30], Ref. [31] argued
that the core is formed in response to the bar, along the
lines of ideas proposed earlier [32, 33], and not due to
feedback. They also noted the supporting fact that a
roughly same-size core is present in another simulation
identical to Eris but with a lower star formation thresh-
old, which reduces feedback e↵ects dramatically. Further
indirect evidence supporting the view that the presence
of the bulge, and not the direct impact of the feedback,
is causing these kpc-sized cores comes from simulations
with a fixed disk and bulge potential that lead to similar
cores [34].

We use the cored “Read” profile [25] to investigate the
e↵ects of a cored dark matter density. It has a core radius
rc that describes the removal of mass from the center
to the outer parts due to core formation and the mass
asymptotically tends to the NFW profile mass at large
radii. The enclosed mass for the cored profile is described
by,

Mc(r) = MNFW(r) tanh(r/rc), (3)

where we take MNFW(r) to be the NFW profile with � =
1. We fix the core radius to be 1 kpc in keeping with the
discussion of the simulations above and, in order to make
a straight-forward one-to-one comparison, we assume the
same prior distribution for rs (a mean of 26 kpc and a
scatter of 0.14 dex). Note that this neglects the impact
of adiabatic contraction, which would increase the inner
core density. A better characterization of the the inner

density profile of MW halos is likely to lead to stronger
results than those presented here. We then use Monte
Carlo sampling to calculate the prior uncertainty on the
J-factor from the prior uncertainty on these parameters
of the MW’s DM profile.

The presence of the bulge and bar should also have
an impact on the axis ratio of the DM template. The
expectation is that the DM density profile is an ellipsoid
with the short axis perpendicular to the stellar disk [35].
This flattening of the halo should be due, in part, to the
formation of the stellar disk. Moreover, there is likely
also a perturbative e↵ect of the bar formation on the halo
that induces further flattening [35]. The Eris simulation
discussed previously finds a minor-to-major axes ratio of
about 0.8 at 1 kpc and intermediate-to-major axes ratio
of unity [36].

Given the arguments above, a flattened ellipsoid with
a mild radial variation in the density is a reasonable de-
scription of the inner kpc of the MW halo. This is very
di↵erent from the spherical gNFW � = 1.2 profiles that
were used by the bulk of the explorations of the GCE
and considered to be representative of the expectations
for cold DM. To test for the impact of non-spherical DM
distribution, we use two di↵erent density ellipsoids with
axis ratios of 0.7 (somewhat more flattened than the re-
sults in Ref. [36]): one in which the radial profile is the
same as the gNFW profile with � = 1.2 and the other in
which the density profile is the same as the cored profile
with rc = 1 kpc.

Abazajian, Horiuchi, Kaplinghat, Keeley, 

Macias,, Ng, arXiv:2003.10416
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Miracles
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h�2!2vi ⇡
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SIMP miracle! 
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↵ ⇡ 4⇡ Hochberg, Kuflik, 
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SIMPlest Miracle

DM

DM

DM

DM

DM

• SU(2) with 4 doublets

• Not only the mass 
scale is similar to 
QCD

• dynamics itself can be 
QCD!  Miracle3

• DM = pions

• e.g. SU(4)/Sp(4) = S5

LWZW =
8Nc

15⇡2f5
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e +O(⇡7)

Lchiral =
1

16f2
⇡

Tr@µU†@µU

⇡5(G/H) 6= 0

Hochberg, Kuflik, HM, Volansky, Wacker
Phys.Rev.Lett. 115 (2015) 021301 



LAGRANGIANS
QCD
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E. Witten / Global aspects of current algebra 

(a) (b) (c) 

Fig. 1. A particle orbit 3' on the two-sphere (part (a)) bounds the discs D (part (b)) and D' (part (c)). 

425 

D or D' (the curve 7 could continuously be looped around the sphere or turned 
inside out). Working with D' we would get 

ia A i d x  i = , (9) exp(  ) exp( ) 
where a crucial minus sign on the right-hand side of (9) appears because ~, bounds D 
in a right-hand sense, but bounds D' in a left-hand sense. If we are to introduce the 
right-hand side of (8) or (9) in a Feynman path integral, we must require that they 
be equal. This is equivalent to 

1 = e x p ( i a f D + D F ~ j d Y ~ i J ) .  (10) 

Since D + D' is the whole two sphere S 2, and fs2F~jdE ij = 4~r, (10) is obeyed if and 
only if c~ is an integer or half-integer. This is Dirac~s quantization condition for the 
product of electric and magnetic charges. 

Now let us return to our original problem. We imagine space-time to be a very 
large four-dimensional sphere M. A given non-linear sigma model field U is a 
mapping of M into the SU(3) manifold (fig. 2a). Since 7r4(SU(3)) = 0, the four-sphere 
in SU(3) defined by U(x) is the boundary of a five-dimensional disc Q. 

By analogy with the previous problem, let us try to find some object that can be 
integrated over Q to define an action functional. On the SU(3) manifold there is a 
unique fifth rank antisymmetric tensor w~jkt m that is invariant under SU(3)L × 
SU(3)R*. Analogous to the right-hand side of eq. (8), we define 

F = fQwijkt m d.Y ijkt" . ( 11 ) 

* Let us first try to define w at U = 1; it can then be extended to the whole SU(3) manifold by an 
SU(3)L × SU(3)R transformation. At U =  1, w must be invariant under the diagonal subgroup of 
SU(3)L × SU(3) R that leaves fixed U = I. The tangent space to the SU(3) manifold at U = 1 can be 
identified with the Lie algebra of SU(3). So ~0, at U = 1, defines a fifth-order antisymmetrie invariant 
in the SU(3) Lie algebra. There is only one such invariant. Given five SU(3) generators A, B, C, D 
and E, the one such invariant is Tr A B C D E  - Tr BA CDE + permutations. The SU(3)I~ × SU(3) R 
invariant w so defined has zero curl (c~iwjk/.,.+_ permutat ions=0)  and for this reason (11) is 
invariant under infinitesimal variations of Q; there arises only the topological problem discussed in 
the text. 

Eric Kuflik
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Resonance is plausible
• e.g., K+K–→ϕ→K+K–

• requires mϕ =2mK

• mϕ ≈Λ+md+ms

• 2mK≈2((md+ms) Λ)1/2

• guaranteed to cross 
when ms<Λ/4

• also for ψ(3S), Υ(4S)
• but limited parameters

lattice calculation of Sp(4) with Nf=4
arXiv:1911.00437

Mesons in two-flavour Sp(4) Jong-Wan Lee
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Figure 1: Masses squared of the vector (V), tensor (T), axial-vector (AV), axial-tensor (AT), and scalar (S)
mesons, as a function of the pseudoscalar (PS) mass squared m̂

2
PS. Blue, purple, green, red and brown colours

represent different lattice couplings: b = 6.9 (blue), 7.05 (purple), 7.2 (green), 7.4 (red), and 7.5 (brown).
The fit results for the continuum and massless extrapolations, after subtracting discretisation artefacts, are
denoted by the grey bands, the widths of which represent the statistical uncertainties.

The scale-setting procedure discussed earlier on allows us to treat all the dimensional quan-
tities measured at different lattice couplings in a consistent manner, by eliminating the explicit
dependence on the coupling. Residual corrections are due to discretisation effects. Furthermore,
the moderate to large values of the fermion mass considered are such as to render the V mesons
stable. To remove lattice artefacts and access the small-mass regime, we use the following lin-
ear ansätz for the mass squared and decay constant squared of the mesons, inspired by tree-level
next-to-leading-order (NLO) WcPT:

f̂
2,NLO
M

= f̂
2,c
M

�
1+L

0
f ,Mm̂

2
PS
�
+W

0
f ,Mâ, (3.1)

m̂
2,NLO
M

= m̂
2,c
M

�
1+L

0
m,Mm̂

2
PS
�
+W

0
m,Mâ. (3.2)

Notice that we replace the fermion mass in the original WcPT with the pseudoscalar mass squared,

3

4 m2PS

Robert McGehee, HM, Yu-Dai Tsai, arXiv:2008.08608

m(8Be)�m(↵)
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= 0.000012,

m(12C)�m(8Be)�m(↵)

m(12C)
= 0.000026,

m(D+⇤)�m(D0)�m(⇡+)

m(D+⇤)
= 0.00051.
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vector portal

dark QCD Standard Model
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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.
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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
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� <
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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
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For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
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Kinetically mixed U(1)
• e.g., the SIMPlest model 

SU(2) gauge group with 
Nf=2 (4 doublets)

• SU(4)=SO(6)
• gauge U(1)=SO(2)         

⊂ SO(2) × SO(3)            
⊂ SO(5)=Sp(4)

• maintains degeneracy of 
quarks

• near degeneracy of pions 
for co-annihilation

• SO(6)/SO(5) linear sigma 
model
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revenge of WIMP
• annihilation

• after freeze out,   
charged pions down 
scatter to neutral ones

• no direct/indirect limits
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or freeze-in
• if freeze-in, kinetic 

mixing can be very small

• both direct and indirect 
detection can be 
suppressed

• SO(Nc) gauge theory 
with Nf=2

• SU(Nf)/SO(Nf) = SU(2)/
SO(2) = SO(3)/SO(2) 
linear sigma model
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asymmetric dark matter
• may explain the coincidence 

between baryon and dark matter 
densities today


• need to efficiently get rid of 
symmetric component                
→ strongly coupled?


• proton mass is dynamical. also 
“dark proton?”


• If the same asymmetries, 
mADM~6GeV, “light” dark matter


• need anomalies and non-
anomalous gauge

• simplest structure: copy of SM


• need equilibration mechanism 
between two asymmetries          
→ neutrino portal

baryon
Dark Matter
Dark Energy



three possible portals in renormalizable theories

H
0†
H

0
H

†
H
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dark
sector Higgs

sector

SU(3)CxSU(2)LxU(1)Y



SU(2) x U(1) SU(2) x U(1)

SU(3)SU(3)

SM 
Ngen=3

dark sector 
Ngen=1

2 Higgs doublets 
with CPV 

1st order PT

heavy leptons 
play role of 
top quark

Bdark=Ldark νR
LSM→BSM

light u, d

n, p, π– γ’ – γ mixing
e+e–

π0



Bdark Ldark
I

Bdark
LSM

BSM

Ldark
II

Bdark LSM

BSM
III

If MN>Tsphaleron

If MN<Tsphaleron

BSM =
36

133
Bdark, LSM = � 97

133
Bdark
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mn'=1.63 GeV

mn’=1.36 GeV



n-n scattering

• n-n scattering has an 
anomalously large cross 
section a=18.9fm


• also steep velocity 
dependence


• depending on the details of 
the QCD-like dynamics, it 
could provide SIDM
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baryon  
spectrum
• mu and md free parameters


• If md ≪mu≪ΛQCD, n’ dominates


• If mu ≪md≪ΛQCD, p’ dominates, 
together with π’– for charge 
neutrality


• possibly a resonant 
interaction π’– p’→Δ0→π’– p’


• may solve core/cusp 
problem
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neutrino portal

• charged current universality: εi2 < 10–3


• μ→e γ constraint: εe εμ < 4×10–5 (GF Mν)


• τ→μ γ constraint: εe εμ < 0.03 (GF Mν)


• If Mν <70 GeV, εi2<10–5 (DELPHI: Z→ν νR, νR→l f f)


• equilibration of asymmetries requires only εi >10–16 or so


• (orders of magnitude estimates so far)

L = y
0
L̄
0
H⌫R + yiL̄iH⌫R
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Higgs portal
Z
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invisible if decaying 
outside the detector
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Fig. 11. Limits at the 95% CL on the mixing matrix el-
ement |U |2 as a function of the νm mass for the various
experiments referenced in the text. The limits shown for
the present analysis correspond to those obtained combin-
ing the short–lived and long–lived νm analysis
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Fig. 12. Upper limits at 95% CL on the parameter
cZ0ν∗ν/Λ as a function of mν∗ from the present anal-
ysis. For comparison, previous results from the LEP ex-
periments referenced in the text are also shown. The full
curves (‘weak decay’) correspond to the limits for the
standard SU(2)×U(1) current, allowing only weak decays.
The dashed curves (‘electromagnetic decay’) are the limits
for ν∗ → γν, the dominant decay mode when the γνν∗
coupling exists
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(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Results of invisible decay search
Sensitivity comparison of positron and electron beam dump experiment

[K. Asai, S. Iwamoto, M. Perelstein, Y. Sakaki, DU.]
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SN1987A
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terrestrial
If the asymmetry originates in the dark side transferred to the SM side, mDM ~ 1.5 GeV



If the asymmetry originates in the SM side transferred to the dark side 
mDM ~ 60 GeV! Not light even though asymmetric

dark neutron dark proton
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New Methods for
Dark Matter Discovery
• QCD is beautiful.  Nature may use it again.
• dark matter, baryon asymmetry, hierarchy 

problem
• direct detection, beam dump, Mu2e, ILC
• Dark spectroscopy!
• resonant self-interaction in dwarf galaxies
• rare Z and Higgs decays
• gravitational wave
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