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Kavli IPMU is there to stay!



Wither WIMP?



WIMP Miracle
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

“weak” coupling
“weak” mass scale correct abundance

Miracle2

Relevant to
hierarchy problem?



10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling p

gcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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no sign of
new physics
at TeV scale

 [GeV]
1t

~m
200 300 400 500 600 700 800 900

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

1
0
χ∼ W b →1t

~ / 
1
0
χ∼ t →1t

~

1
0
χ∼ t →1t

~

1
0
χ∼ W b →1t

~

1
0
χ∼ c →1t

~

-1=8 TeV, 20 fbs

t

) <
 m

1
0

χ∼,
1t~

 m
(

Δ
W

 + 
m

b

) <
 m

1
0

χ∼,
1t~

 m
(

Δ

) <
 0

1
0

χ∼, 
1t~

 m
(

Δ

1
0
χ∼ t →1t

~ / 
1
0
χ∼ W b →1t

~ / 
1
0
χ∼ c →1t

~ / 
1
0
χ∼ b f f' →1t

~ production, 1t
~
1t

~ Status: ICHEP 2016

ATLAS Preliminary

1
0
χ∼W b 

1
0
χ∼c 

1
0
χ∼b f f' 

Observed limits Expected limits All limits at 95% CL

=13 TeVs
 [CONF-2016-077]-1t0L 13.2 fb
 [CONF-2016-050]-1t1L 13.2 fb
 [CONF-2016-076]-1t2L 13.3 fb
 [1604.07773]-1MJ   3.2 fb

Run 1 [1506.08616]

CMS Exotica Physics Group Summary – ICHEP, 2016!
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recent thinking

• dark matter definitely exists

• hierarchy problem may be optional?

• need to explain dark matter on its own

• perhaps we should decouple these two

• do we really need big ideas like SUSY?

• perhaps we can solve it with ideas more 
familiar to us?



What do we know
about Dark Matter?



1.8 sq. deg.
870M pixels



Best limit on Black Hole dark matter
Niikura, Takada et al. arXiv:1701.02151 Reading out every 2 minutes of  HSC 

obs. of M31 to look for microlensing
(just one night in Nov, 2015)
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Subaru

GTC

HET

Keck

SALT

LBT

VLT

Gemini telescopes ≥8m



• Clumps to form structure

• imagine 

• “Bohr radius”: 

• too small m ⇒ won’t “fit” in a galaxy!

• m >10−22 eV “uncertainty principle” bound 
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)

V = GN
Mm

r
rB =

�2

GNMm2

Mass Limits 
“Uncertainty Principle”
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Seminar in Berkeley
Strongly Interacting Massive Particle

(SIMP)

Yonit Hochberg



Miracles
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

WIMP miracle! 

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

SIMP miracle! 

DM

DM

DM

DM

DM
h�3!2v

2i ⇡ ↵3

m5

m ⇡ 300MeV

↵ ⇡ 4⇡ Hochberg, Kuflik, 
Volansky, Wacker
arXiv:1402.5143



LEE-WEINBERG FREEZE-OUT
Back of the envelope calculation
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THE SIMP MIRACLE

• If           , the strong scale emerges     (             )

• Like the WIMP,  no input of scales or particle physics

A coincidence of scales

mdm ' ↵
�
T 2
eqMpl/x

4
F

� 1
3

mdm ' ↵⇥ 100 MeV

↵ ⇠ 1

Strongly interacting sub-GeV dark matter

xF ⇠ 20

Eric Kuflik

But not UV complete; coupling blows up very quickly



Dark Pions



SIMPlest Miracle
nDM

s
= 4.4⇥ 10�10 GeV

mDM

DM

DM

DM

DM

DM

+HM
arXiv:1411.3727

• 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
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16f2
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qq̄



Wess-Zumino term

• 𝓛WZ~εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe

• SU(Nc) gauge theory

• π5(SU(Nf))=ℤ (Nf ≥3)

• Sp(Nc) gauge theory

• π5(SU(2Nf)/Sp(Nf))=ℤ (Nf≥2)

• SO(Nc) gauge theory

• π5(SU(Nf)/SO(Nf))=ℤ (Nf≥3)

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. 

Witten

also, non-abelian vector bosons (vector SIMP) 
+S-M Choi, HM Lee, Y. Mambrini, M. Pierre, arXiv:1707.01434



SIMPlest Miracle

• SU(2) gauge theory with four doublets

• SU(4)=SO(6) flavor symmetry

• ⟨qi qj⟩≠0 breaks it to Sp(2)=SO(5)

• coset space SO(6)/SO(5)=S5, 5 pions

• π5(S5)=ℤ ⇒ Wess-Zumino term

• 𝓛WZ=εabcde εμνρσ πa∂μπb∂νπc∂ρπd∂σπe
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LAGRANGIANS
Quark theory
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The Results

Sp(2), Nf = 2
Sp(4), Nf = 2
Sp(8), Nf = 2
Sp(16), Nf = 2
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self interaction
• σ/m ~ cm2/g              

~10–24cm2 / 300MeV

• flattens the cusps in 
NFW profile

• suppresses substructure

• actually desirable for 
dwarf galaxies?

SIDM
Spergel & Steinhardt

(2000)
now complete theory V.H. Robles et al

arXiv:arXiv:1706.07514v1



Abell 3827



Dark matter in galaxy cluster Abell 3827 5

Table 1. Parameters of the fiducial mass model fitted by Lenstool. Quantities in square brackets are fixed. Errors on other quantities
show 68% statistical confidence limits, marginalising over uncertainty in all other parameters. Stellar mass components are modelled as
Hernquist profiles, with a mass (computed from flux in the F606W band), scale radius and ellipticity (fitted using Galfit; galaxy N4
is contaminated by a nearby star). Dark matter components are modelled as PISPs, with a 1D velocity dispersion, core and cut radii,
ellipticity and skewness. Positions are given in arcseconds relative to (R.A.: 4330.47515, Dec.: �59.945996), except galaxies’ dark matter
components, which are relative to the position of their stars. Angles are anticlockwise from East.

x [00] y [00] Mass [M�] rsc [00] ✏ �✏ [�] s �s [�]�x [00] �y [00] �v [km/s] rcore [00] rcut [00]

N1 stars [�0.06] [0.04] [1.00⇥ 1011] [0.53] [0.12] [61]
dark matter �0.29+0.25

�0.14 �0.71+0.30
�0.16 149+8

�12 [0.1] [40] 0.02+0.33
�0.01 151+19

�116 0.21+0.06
�0.22 86+44

�44

N2 stars [5.07] [2.05] [2.46⇥ 1011] [0.79] [0.17] [39]
dark matter �0.23+0.30

�0.16 0.00+0.30
�0.30 182+29

�22 [0.1] [40] 0.42+0.05
�0.22 23+32

�12 0.03+0.11
�0.14 117+41

�80

N3 stars [9.69] [3.98] [2.77⇥ 1011] [0.33] [0.05] [31]
dark matter �0.05+0.25

�0.25 �0.06+0.18
�0.29 213+8

�10 [0.1] [40] 0.49+0.01
�0.16 15+14

�8 �0.02+0.08
�0.11 169+7

�109
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4.1 Fiducial mass model

The cluster’s large-scale mass distribution is modelled as a
single PIEMD. Based on a comprehensive (but slow) initial
exploration of parameter space, its position is given by a
broad Gaussian prior with � = 200 = 3.66 kpc, centred on
the position of galaxy N2. Flat priors are imposed on its
ellipticity (✏ < 0.75), core size (rcore < 4000) and velocity
dispersion (300 <�v< 1000 km/s). Its cut radius is fixed at
rcut = 100000, well outside the strong lensing region, i.e. away
from any multiple image constraints.

Central galaxies N1–N4 are each modelled as a stellar
component (which was not included in the fiducial model
of M15), plus a dark matter one. Following Giocoli et al.
(2012), the stellar components are modelled with Hernquist
(1990) profiles:

⇢star(r) =
⇢s

(r/rs) (1 + r/rs)
3 , (10)

where the scale radius rs is related to the half mass radius
Re, such that Re = rs/0.551, and the scale density ⇢s =
Mtotal/

�
2⇡r3s

�
. We fix the mass of the stellar component,

and its half-mass radius, using the optical magnitudes and
profiles measured by M15. These parameters are listed in
Table 1.

The four central galaxies’ dark matter components are
now modelled as PISPs. We impose flat priors on their po-
sitions, in 400 ⇥ 400 boxes centred on their luminosity peaks,
plus flat priors on their ellipticity (✏ < 0.5) and velocity
dispersion (vdisp < 600 km/s). We fix rcut = 4000 = 73 kpc
(Limousin et al. 2007a).

Galaxy N6 is much fainter than the others, so we ap-
proximate its total mass distribution as a single PIEMD.
This has a fixed position and ellipticity to match the light
distribution, and only its velocity dispersion is optimised
(with a flat prior vdisp < 500 km/s).

We optimise the free parameters using Lenstool, with
runmode=3. This runmode is used to fully explore the

N2

N3

N4

N1

Contours: total mass (white), dark matter belonging to galaxies (black)
Colours: mass in stars

Figure 3. The best fitting mass distribution in the gravitational
lens Abell 3827, integrated along our line of sight. For reference,
the background colour scale shows the modelled stellar mass den-
sity. Red spots indicate the position of the luminosity peak in
galaxies N1–N4. White isodensity contours show the total lensing
mass of the cluster. The outermost contour corresponds to a pro-
jected density of 2 ⇥ 109 M�/kpc2, and values increase towards
the centre by a factor of 21/3=1.26. Black isodensity contours iso-
late each galaxy’s dark matter component. The outermost con-
tour corresponds to a projected density of 1.26 ⇥ 109 M�/kpc2

and values increase by a factor of 22/3. The visible o↵set between
stars and dark matter in galaxies N1 and N4 are both statistically
significant; the asymmetry in the distribution of N1’s dark matter
is also significant.
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velocity dependence?
• cluster data prefer smaller σ?
• near constant ⟨σv⟩?

• Sommerfeld effect (S. Tulin, 
H.-B. Yu, and K.M. Zurek, 
arXiv:1302.3898)
• requires light mediator

• near-threshold resonance can 
“fit” the data

• i.e., ππ→σ→ππ
• (Xiaoyong Chu, Camilo 

Garcia-Cely, Yonit 
Hochberg, Eric Kuik, HM)

L = mRg RDM2 .
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Interactions with SM



if totally decoupled

• 3→2 annihilations without heat exchange is 
excluded by structure formation, [de Laix, Scherrer 
and Schaefer, Astrophys. J. 452, 495 (1995)]

Tdm

Tsm

Carlson,	Hall	and	Machacek,		
Astrophys.	J.	398,	43	(1992)	



communication

• 3 to 2 annihilation

• excess entropy must 
be transferred to e±, γ

• need communication 
at some level

• leads to experimental 
signal

DM

DM

DM

DM

DM

DM

SM

DM

SMentropy



vector portal

dark QCD
with SIMP

Standard Model

2

e�

e+

�

�

�̄
A0(⇤)

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

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

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

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

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

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

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

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

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

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

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

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

g� <
p

4⇡ , (perturbativity) (1)

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

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

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

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

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

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

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

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

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

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

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

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

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

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

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

g� <
p

4⇡ , (perturbativity) (1)

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

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

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

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

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

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

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

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

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

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

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

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

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

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

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

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

g� <
p

4⇡ , (perturbativity) (1)

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

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

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

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

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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no sign of
new physics
that explains 

hierarchy problem!
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Roni Harnik, JHU workshop 2017 in Budapest

SO(8)/SO(7): 7 NGBs
3: eaten by SU(2)twin
4: Standard Model Higgs 

V = �µ
2(|HSM |2 + |Htwin |2) + �(|HSM |2 + |Htwin |2)2+|HSM |2|Htwin |2

<latexit sha1_base64="Ay+Ijsx793ZF8bG0hbpFEXmXhCQ="></latexit><latexit sha1_base64="Ay+Ijsx793ZF8bG0hbpFEXmXhCQ="></latexit><latexit sha1_base64="Ay+Ijsx793ZF8bG0hbpFEXmXhCQ="></latexit><latexit sha1_base64="Ay+Ijsx793ZF8bG0hbpFEXmXhCQ="></latexit>



In Mirror Twin Higgs models, the one loop quadratic divergences that 
contribute to the Higgs mass are cancelled by twin sector states that carry no 
charge under the SM gauge groups. 

Discovery of these states at LHC is therefore difficult. May explain null results. 
Roni Harnik and Zackaria Chacko, JHU workshop 2017 in Budapest



Twin spectrum
• light fermion spectrum 

not important to 
hierarchy because of 
small Yukawas

• Planck: ΔNeff<0.29
• assume leptons heavy
• no Neff problem

• assume exact SU(2)
• (u,d) vs (c,s)

• lightest pions are triplet 
in SU(2)d,s

• stable

Standard Model sector twin sector
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mesons
• assume exact SU(2)

• (u,d) vs (c,s)
• approximate SU(4)
• mu,c=md,s(1+Δ)
• 15 mesons

• lightest pions are triplet 
in SU(2)d,s

• stable
• triplet in SU(2)u,c also 

practically stable
• 8 charged ones stable
• only one unstable η

2

FIG. 1. A sample spectrum of twin particles. Here we
use f/v = 1 to demonstrate the Z2 invariance between the
visible and twin sectors for t, h, Z, W ; lighter particles are
subject to Z2-breaking e↵ects without spoiling the solution to
the hierarchy problem. In practice, twin sector masses are of
course raised by a factor of f/v & 3.

They are stable since they are the lightest particle with
a conserved SU(2)f quantum number. (Here and below,
we denote particles in the twin sector with a prime on the
corresponding SM particles, except for the twin mesons,
further defined below.)

MORE DETAILS

A simple example of a twin mass spectrum for our
framework is shown in Fig. 1. The twin particles at the
electroweak scale —W 0, Z 0, t0, h0— have similar masses
to their visible sector counterparts due to the Z2 sym-
metry. In practice, the VEV ratio between the twin and
SM sectors is f/v & 3 and the twin particles are heavier
by the common factor. In the early Universe, they decay
away quickly. The neutrinos also decay, ⌫0l ! l0u0d̄0, l0c0s̄0.
The bottom quark and charged leptons annihilate away
b0b̄0 ! g0g0, l0+l0� ! �0�0, with negligible abundance.
The heavy meson abundances are likewise negligible (see
Ref. [17] for a detailed analysis). The twin photon is also
massive (as can be achieved with the Stückelberg mech-
anism for the U(1)0Y gauge boson). At temperatures of
order the GeV-scale, only four light twin quarks, the twin
gluons, and the massive twin photon are around.
The global SU(2)f invariance dictates mu0 = mc0 ,

md0 = ms0 . We arbitrarily take md0,s0 < mu0,c0 =
md0,s0(1 + �), with mass splitting � . 10%. An ap-
proximate SU(4)f flavor symmetry for the twin QCD
exists in addition to the twin U(1)EM, and is broken

meson M particle content m
2
M / mM
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TABLE I. Decomposition of the meson SU(4)f 15-plet under
SU(2)U ⇥ SU(2)D ⇥ U(1)EM. The third column shows the
linear combination of quark masses that determines the me-
son masses-squared. From top to bottom, the meson masses
go from heaviest to lightest, assuming md0 = ms0 < mu0 =
mc0 = md0,s0(1 +�).

mass2

θ0

D+

D–
η0

π0

s–d

c–u

FIG. 2. A visual representation of the meson spectrum.

to SU(2)U ⇥ SU(2)D ⇥ U(1)EM by �. (There is also
a U(1)U�D which does not play a role as it is bro-
ken by SU(2)L anyway.) Two SU(2)’s are broken to
the diagonal subgroup SU(2)f by the twin weak inter-
action SU(2)L, and the remaining global symmetry is
SU(2)f ⇥ U(1)EM.
Twin QCD confines and produces a 15-plet of mesons

M in the adjoint representation of the approximate
SU(4)f symmetry. Table I shows the meson decompo-
sition, as well as the combination of quark masses that
generates the masses-squared of the mesons. The lightest
meson states, which are the pions ⇡, are the SIMP dark
matter.
We note that the global SU(2)f symmetry forbids

Cabbibo–Kobayashi–Maskawa (CKM) mixing among
twin quarks. As a result, twin generation number is con-
served in this setup.
The twin mesons undergo 3 ! 2 annihilations [1, 2]

via the Wess–Zumino–Witten action of the SU(4)f chiral
Lagrangian [18–20]:

L3!2 =
2

5⇡2f5
⇡

✏µ⌫⇢�Tr (⇡@µ⇡@⌫⇡@⇢⇡@�⇡) . (1)

The meson mass splittings are given by ⇠
1
2� . 5% so

that all 15 of them co-annihilate at the freeze-out tem-
perature Tf = m⇡/xf ⇡ m⇡/15, since e��xf/2 = O(1).



ηη→ππ
• η → µ+µ– or 2(e+e–)

• τη~105 sec
1. ππ→ηη kinematically 

not possible
2. lose η by ηη→ππ
3. η decays before BBN limit

• ππ→ηη→SM shouldn’t 
happen in halo today

• can easily be avoided 
Δ>vhalo2~10–6
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FIG. 2. A visual representation of the meson spectrum.

During dark matter freezeout, kinetic mixing ✏ between
the twin photon �

0 and the SM � (sourced by mixing
with the twin and SM hypercharge gauge bosons), main-
tains thermal equilibrium between the two sectors via
the scattering process of twin mesons M o↵ of electrons,
Me ! Me. The allowed parameter space is similar to
that studied in detail in Ref. [15]: Twin photon masses
between ⇠ 2m⇡ and 100’s of GeV are viable over a broad
range of ✏ values, where kinetic equilibrium between the
twin and SM sectors is maintained while the annihila-
tions M +M ! SM through �

0 are suppressed compared
to the 3 ! 2 annihilations. Multiple future experimental
probes are set to test this parameter space (see further
discussion below). Note that twin elastically decoupling
relic (ELDER) DM [23, 24] can also be realized in our
framework, where the relic density of twin mesons is set
by the elastic scattering o↵ of the electrons.

In the twin sector, some of the heavier mesons are
unstable against decays. Among the 15-plet of mesons,
the ⇡, D+ and D

� are stable because of their conserved
quantum numbers: the ⇡’s are the lightest particles with
a non-trivial SU(2)f quantum number, while the D

±’s
are the lightest particles charged under the twin QED.
The ✓ and ⌘ are, in contrast, unprotected and can thus
decay. If they decay too early, they may a↵ect the dark
matter abundance during or after the time of freeze-
out [20, 25–28]. On the other hand, if they decay too
late, they may a↵ect Big Bang Nucleosynthesis (BBN)
or the Cosmic Microwave Background (CMB). In what
follows we show that such constraints can easily be satis-
fied: (I) Early decays can be avoided for lifetimes longer
than the freeze-out time scale of tf ⇡ 10�3–10�2 sec;
(II) Late time decays do not pose a problem since the
heavier mesons annihilate e�ciently into pions before
they decay, and their Boltzmann-suppressed abundances
at the time of decay do not a↵ect BBN or CMB.
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FIG. 3. Sample Feynman diagrams for (top to bottom)
⌘ ! e+e�e+e�, ⌘ ! µ+µ�, and ✓ ! ⇡ e+e�e+e�. The cross
in the diagrams refers to the kinetic mixing between the twin
photon �0 and the SM photon �.

LIFETIMES

We now address the decay rates of the unstable heavy
twin mesons, ⌘ and ✓. We begin with the ⌘ meson life-
time. Its decays proceed into two o↵-shell twin photons
via the anomaly diagram, with each twin photon decay-
ing into e

+
e
� pairs via the kinetic mixing with the SM

photon, or via two loops into a pair of muons (due to
helicity suppression).
The decay rate of the ⌘ via the one-loop 4-body process

(see top diagram of Fig. 3) can be estimated by starting
with the standard formula for pion decay via the anomaly
diagram in the SM, replacing the photons with o↵-shell
dark photons, and further decaying each of those into an
e
+
e
� pair, which suppresses the decay rate by an addi-

tional factor of
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invisible Higgs @ ILC

BR(H→invisible) ~ (v/f)2 down to 0.3%

Keisuke Fujii
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String Landscape

Swampland

|rV | > cV
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(meta)-stable
positive vacuum energy



“Quintessence”

• Accelerated Expansion happened before
• Inflation

• Is current acceleration also by scalar field?
• very difficult to keep flat potential for Q
• SUSY broken > TeV
• at the least, m3/2 > (TeV2/MPl) ~ eV
• i.e., vector mediation (Hook, HM)

• more typically m3/2 > TeV
• but we need mQ ~ H0 ~ 10–33 eV



shift symmetry
• incorporate into supergravity
• shift symmetry (monodromy) in Kähler
• Q→Q+i α
• K(Q,Q*) = K(Q+Q*) ~ (Q+Q*)2 /2

• need m3/2W(Q)~m3/2Λ3~H02

• any potential can be lifted to supergravity
• also radiatively stable δK~m3/22Λ6

• no fifth force

V = eK((KiW +Wi)
⇤K�1

ī
j(KjW +Wj)� 3|W |2)

= |WQ|2 � 3m3/2(W (Q) +W ⇤(Q))

Chien-I Chiang, HM, arXiv:1808.02279



axion-like example
• incorporate into supergravity
• shift symmetry (monodromy) in Kähler, W
• Q→Q+i α
• K(Q,Q*) = K(Q+Q*) ~ (Q+Q*)2 /2

• shift symmetry = U(1)R symmetry
• W(Q)=Λ3e–Q, V=3m3/2Λ3 cos(Im Q)
• symmetry spontaneously broken by m3/2

V = eK((KiW +Wi)
⇤K�1

ī
j(KjW +Wj)� 3|W |2)

= |WQ|2 � 3m3/2(W (Q) +W ⇤(Q))



SUSY 
breaking

Q

gravity

meV

TeV

MPl

m3/2~Λ~TeV2/MPl Arkani-Hamed, Hall,
Kolda, HM

V = �3m3/2(W (Q) +W ⇤(Q))

W (Q) = ⇤3e�Q



shift symmetry
• incorporate into supergravity
• shift symmetry (monodromy) in Kähler
• Q→Q+i α
• K(Q,Q*) = K(Q+Q*) ~ (Q+Q*)2 /2

• need m3/2W(Q)~m3/2Λ3~H02

• any potential can be lifted to supergravity
• also radiatively stable δmQ2~m3/24Λ6

• no fifth force

V = eK((KiW +Wi)
⇤K�1

ī
j(KjW +Wj)� 3|W |2)

= |WQ|2 � 3m3/2(W (Q) +W ⇤(Q))

Chien-I Chiang, HM
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Figure 2.11: The impact of the observational systematic effects in Fig. 2.10 on the power spectrum
measurement. Here we consider a worst-case scenario: we assume that a systematic error causes
apparent fluctuations in the number of detected [O II] galaxies in between different pointings (but
we do not consider the redshift dependence for simplicity). The PFS FoV corresponds to transverse
comoving scales of about 42 or 66 Mpc/h for z ' 1 or 2 redshift slices, respectively. We used N-
body simulations outputs at z = 1 and 2.2 that are done with 10243 particles and in a box with
2 Gpc/h on a side length. We first added artificial density fluctuations with 5% rms amplitude into
each of 48 or 29 subdivided rectangular-shaped subvolumes in the z = 1 or 2.2 N-body simulations,
where each subvolume has a volume of 41.7 ⇥ 2000 ⇥ 2000 or 69 ⇥ 2000 ⇥ 2000 (Mpc/h)3,
respectively. Here the scales of 41.7 or 69 Mpc/h are intended to mimic the transverse scales
of PFS FoV for the z ' 1 or 2 slices. Then we measured the power spectrum from the modified
simulations. The blue and black points show the power spectra with and without the modifications,
where the error bars are the scatters at each k bin estimated from 3 realizations. The figure shows
that the BAO peak locations are not changed, but modify the power spectrum amplitudes by a
factor of 1 + 0.052.

The PFS cosmology survey rests on the use of [O II] emission-line galaxies, detected with S/N’s
greater than a given threshold (S/N = 8.5 assumed throughout this document). If observational
systematic errors affect a selection of [O II] emitters, i.e. selection bias, it causes an apparent
density fluctuations in the observed galaxy distribution, which needs to be carefully monitored
and calibrated. The systematic effects we need to care about are, e.g.,

• The fiber offset from the true centroid; e.g. if there is a systematic error in the astrometric
solution and/or an imperfect fiber positioning, the fiber offset arises.

• Variation in the throughput over the field angle (e.g. due to the vignetting).

• A misestimation in the seeing FWHM. The PSF misestimation causes a biased estimate of
the intrinsic [O II] flux.

• A flux miscalibration such as an error in the magnitude zero point.

In Fig. 2.10, we use our own exposure time calculator to estimate how the systematic errors men-
tioned above change the number of detected [O II] emitters in each redshift bin, where we em-
ployed the same threshold S/N = 8.5. Here we consider some typical values for each of the

Baryon Acoustic 
Oscillations

ELGs [OII] > 8.5σ, 15 min exposure
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Figure 2.7: Expected accuracy of reconstructing the dark energy density parameter at each red-
shift, ⌦de(z) ⌘ ⇢de(z)/[3H2(z)/8⇡G] from the BAO-measured DA(z) and H(z) in Fig. 2.6. Here we
considered the cosmological constant (⇢de(z) = ⇢de0 =constant) and the flat universe (⌦K = 0) as
the fiducial model. Adding the PFS BAO constraints to the SDSS and BOSS constraints enables
reconstruction of the dark energy density to z ' 2, and also significantly improves the precision at
low redshifts, as the comoving distance at the high redshift arises from an integration of H(z). he
solid curve shows the energy density parameter for the fiducial ⇤CDM model, while the dashed
curve shows the redshift evolution for an early dark energy model in Droan & Robbers (2006),
where we employed w0 = �1 and ⌦e

d = 0.05 for the model parameters (see text for details).

by inverting the sub-matrix of the inverse of the full BAO matrix, [F �1]↵�, containing only the
parts of the geometrical parameters, pa = {⌦m0,⌦m0h2,DA(zi),H(zi)}. Hence the derived con-
straints on p̃a0 include marginalization over other parameters such as the galaxy bias and the �
parameters. Table 2.3 shows the expected accuracies of the dark energy parameters and the cur-
vature parameter for the PFS survey. Here wpivot is the dark energy equation state at the “pivot”
redshift, at which the dark energy equation of state is best constrained for a given survey. The
quantity FoMde is the dark energy figure-of-merit defined in the Dark Energy Task Force Re-
port (Albrecht et al. 2006), which quantifies the ability of a given survey for constraining both
w0 and wa; FoMde ⌘ 1/[�(wpivot)�(wa)], which is proportional to the area of the marginalized
constraint ellipse in a sub-space of (w0,wa). Table 2.3 clearly shows that the PFS BAO can sig-
nificantly tighten the parameter constraints over the SDSS and BOSS surveys. Most interest-
ingly, the PFS has the potential to constrain the curvature parameter to a precision of 0.3%. If
we can detect a non-zero curvature, this would represent a fundamental discovery giving a crit-
ical constraint on the physics of the early universe, for example insight into different inflation
scenarios (Efstathiou 2003; Contaldi et al. 2003; Freivogel et al. 2006; Kleban & Schillo 2012;
Guth & Nomura 2012).

ΛCDM

Droan & Robbers

H(z) with BAO 



http://pfs.ipmu.jp/intro.html

PFS Rocks!

http://pfs.ipmu.jp/intro.html


Conclusion
• We still have no idea what dark matter is
• WIMP still the main paradigm
• but no sign of it

• SIMP can solve problems with DM profile
• core/cusp, missing satellites
• very rich phenomenology
• Exciting dark spectroscopy
• Can also address the hierarchy problem

• cosmological constant in swampland?
• Can lift any quintessence potential to 

supergravity
• renewed interest in observation


