
Dark Colors

Hitoshi Murayama (Berkeley, Kavli IPMU)
RECONNECT 2020 May 26, 2020

東京大学
シンボルマーク+ロゴタイプ
新東大ブルー

2 0 0 4 . 2 . 1 2

基本形

漢字のみ

英語のみ



hierarchy problem

There must be new particles discoverable at the LHC!



Squarks   J=0? 
 
The following data are averaged over all light flavors, presumably u, d, s, c with both 
chiralities.  For flavor-tagged data, see listings for Stop and Sbottom.  Most results 
assume minimal supergravity, an untested hypothesis with only five parameters.  
Alternative interpretation as extra dimensional particles is possible.  See KK particle 
listing. 

 
SQUARK MASS 

 
VALUE (GeV)  DOCUMENT ID TECN  COMMENT 

538±10  OUR FIT    mSUGRA assumptions 
 
532±11  1ABBIENDI 11D CMS  Missing ET with 

mSUGRA assumptions 
541±14  2ADLER 11O  ATLAS Missing ET with 

mSUGRA assumptions 
• • • We do not use the following data for averages, fits, limits, etc • • • 
652±105  3ABBIENDI 11K CMS  extended mSUGRA 
        with 5 more parameters 
 
1ABBIENDI 11D assumes minimal supergravity in the fits to the data of jets and 
missing energies and set A0=0 and tanβ = 3.  See Fig. 5 of the paper for other choices 
of A0 and tanβ.  The result is correlated with the gluino mass M3.  See listing for 
gluino. 
2ADLER 11O uses the same set of assumptions as ABBIENDI 11D, but with tanβ = 5.   
3ABBIENDI 11K extends minimal supergravity by allowing for different scalar masses-
squared for Hu, Hd, 5* and 10 scalars at the GUT scale. 
 
  

 
SQUARK DECAY MODES 

 
MODE  BR(%)  DOCUMENT ID TECN  COMMENT 
j+miss  32±5  ABE 10U  ATLAS 
j l+miss 73±10  ABE 10U  ATLAS lepton universality 
j e+miss 22±8  ABE 10U  ATLAS  
j μ +miss 25±7  ABE 10U  ATLAS  
q χ+  seen  ABE 10U  ATLAS 
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Planck Collaboration: Cosmological parameters

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

• dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry

0νββ 
gravitational wave

DES, HSC, DESI, 
PFS, Euclid,
LSST, WFIRSTSimons Array

CMB S4
LiteBIRD

DUNE, HyperK,
LHCb, Belle II,
kaon, EDM
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We present the possibility that the seesaw mechanism with thermal leptogenesis can be tested using the
stochastic gravitational background. Achieving neutrino masses consistent with atmospheric and solar
neutrino data, while avoiding nonperturbative couplings, requires right handed neutrinos lighter than the
typical scale of grand unification. This scale separation suggests a symmetry protecting the right-handed
neutrinos from getting a mass. Thermal leptogenesis would then require that such a symmetry be broken
below the reheating temperature. We enumerate all such possible symmetries consistent with these minimal
assumptions and their corresponding defects, finding that in many cases, gravitational waves from the
network of cosmic strings should be detectable. Estimating the predicted gravitational wave background,
we find that future space-borne missions could probe the entire range relevant for thermal leptogenesis.

DOI: 10.1103/PhysRevLett.124.041804

Introduction.—The discovery of masses and mixings of
neutrinos [1] marked the first robust evidence for physics
beyond the standard model (SM) of particle physics.
Interestingly, the masses are much smaller compared to
those of the other elementary matter particles. It has
become a pressing question how to understand the finite
yet tiny neutrino masses theoretically.
Arguably, the most popular mechanism to explain the

smallness of the neutrino masses is the so-called seesaw
mechanism [2–4] as it explains two puzzles simultane-
ously: tiny neutrino masses and the origin of the asymmetry
between matter and antimatter in the Universe. In its
simplest incarnation, the type-I seesaw, new SM-singlet
fermions (right-handed neutrinos N) are introduced whose
masses are much higher than the electroweak scale—a
natural possibility as they are not forbidden by any
symmetry. If the right-handed neutrino mass (MR) is below
the reheating temperature of the Universe, they will quickly
be produced after inflation. Right-handed neutrinos are
inherently unstable, and their eventual decay to a Higgs and
a lepton can pick up charge-parity (CP) violation in the
Yukawa couplings, resulting in a preferential decay into

antileptons. Subsequently, the anomalous violation of
baryon and lepton numbers in the standard model partially
converts the negative lepton asymmetry to the positive
baryon asymmetry. This scenario is called thermal lepto-
genesis [5]. The existence of right-handed neutrinos is
further natural when the standard model gauge groups are
unified into an SOð10Þ grand unified theory. Here and
below, whenever we refer to the seesaw mechanism, it is
meant to be a type-I seesaw together with thermal
leptogenesis.
Unfortunately, the seesaw mechanism is notoriously

difficult to test experimentally. For successful thermal lepto-
genesis, the right-handed neutrino mass must be above
≳109 GeV (see, e.g., Ref. [6]) and cannot be tested by
terrestrial experiments [The scale of leptogenesis can be
brought lower if the reheating temperature is below the
seesaw scale [7] and lower again if there is amass degeneracy
[8] or a fine-tuning [9]; the scale of supersymmetric lepto-
genesis can also be lower [10,11]]. Therefore, conceivable
tests of the seesaw mechanism rely on circumstantial
evidence, such as neutrinoless double beta decay [12], CP
violation in neutrino oscillation [13,14], structure in the
mixingmatrix [15], or indirect constraints relying onvacuum
metastability [16,17]. It is therefore highly desirable to find
other evidence to test the neutrino sector.
For the seesaw mechanism to have at least one neutrino

with mass mν ≳ 0.1 eV and the Yukawa coupling remain-
ing perturbative below the grand unified theory (GUT)

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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beyond the standard model (SM) of particle physics.
Interestingly, the masses are much smaller compared to
those of the other elementary matter particles. It has
become a pressing question how to understand the finite
yet tiny neutrino masses theoretically.
Arguably, the most popular mechanism to explain the

smallness of the neutrino masses is the so-called seesaw
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5/8 of seesaw models
with phase transitions
lead to cosmic strings 
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Can’t do justice to many many ideas in the literature!

WIMPzillas



old sociology

• We (community) used to think
• must solve naturalness problems in SM
• hierarchy problem, strong CP, etc
• it is great if a solution also gives dark 

matter candidate as an option
• big ideas: supersymmetry, extra dim
• probably because dark matter problem 

was not so well established in 80’s
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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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18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

26.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (26.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (26.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,

6th December, 2019 11:47am



new sociology

• WIMP should be explored at least down 
to the neutrino floor
• heavier?  e.g., wino @ 3TeV ⟹CTA

• dark matter definitely exists
• it is great if a theory also solves some 

particle physics problems as an option
• perhaps not heavier but rather       

lighter and weaker coupling?



freeze-in: light gravitino

• does not reach 
equilibrium 

• SUSY breaking: 
non-perturbative 
dynamics

• i.e. SUSY QCD 
(ISS, IYIT, SO(10) 
etc)

Volume 303, number 3,4 PHYSICS LETTERS B 15 April 1993 
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Fig. 1. Cosmological constraints on the gravitino mass and the 
reheating temperature in the framework of MSSM when the 
gravitino is the LSP. We take all the squark and slepton masses 
to be 1 TeV, mo~ = mNse= 50 GeV and the GUT relations on the 
gauge fermion masses are assumed. The solid line denotes the 
upper bound on the reheating temperature from the closure limit. 
The dotted region is excluded from the arguments of the light 
element photodestruetion if the NSP whose relic density is as large 
as eq. ( 15 ) decays radiatively with a lifetime shorter than 5.3 × 106 
S. 

overclose the universe. Therefore, it is the scattering 
process that is important to estimate the number 
density of  the gravitino. In this case, 

Ns (TNOW) x / / ~ ( ( 3 ) M  
Y3/2(TNow)= Ns (TR) ~ 3x//~ * 

X TR (Stot Vrel } , (14) 

from eq. (10a). Combining eq. (14)wi th  eq. (13), 
we get the upper bound on the reheating tempera- 
ture, which is approximately proportional to the 
gravitino mass. On the other hand, if 2 × 10 - 6 ,~ m3/ 
2< 10 -4 GeV, the decay processes become signifi- 
cant. In this case, P3/2 is larger than Pc unless the re- 
heating temperature is smaller than the squark and 
slepton masses. Therefore, it is necessary to lower the 
reheating temperature below the squark and slepton 
mass scale in order not to overclose the universe. And 
when m3/2~<2X 10 - 6  GeV, the gravitino mass is so 
small that P3/2 cannot exceed Pc even if the gravitino 
is thermalized. 

Next, let us consider the constraint from the light 
element photodestruction. If  a decay of a heavy par- 
ticle produces high energy photons after the primor- 

dial nucleosynthesis, we must require that these pho- 
tons do not change the abundance of the light 
elements. Here we consider the decay of the NSP. 
Since we are assuming that the gravitino is the LSP, 
the NSP can decay only to gravitino + something by 
the supergravity interaction. Therefore, the NSPs 
have much longer lifetime than other superparticles 
and may affect the predictions of the big-bang 
nucleosynthesis. 

If  the NSPs were stable, it would survive until to- 
day. Its relic density in this case has been calculated 
[3-5 ]. For the neutralinos, in a wide range of parti- 
cle parameters, the relic density is larger than 10- 3 to 
the critical one. This relic density can be translated 
into mNsPYNsP>~ 5.0 X 10-11 GeV ~ 1  where mNsP and 
YysP are the mass and yield of the NSP. In the follow- 
ing analysis, we conservatively take 

mNsP YNS P = 5 . 0 X  10 - l l  GeV,  (15) 

and assume that the NSP decay produces high energy 
photons. According to ref. [16], the energy density 
of  eq. ( 15 ) will overproduce 3He + D unless the life- 
time of the NSP is shorter than about 5.3X 106 S. 
Therefore, we impose 

,, sP i1 m2/2 M2 k m y s p /  U ) 

45 .3X106s .  (16) 

Here we have assumed that the NSP is a U( 1 ) r gauge 
fermion (bino) and used eq. (5a) for the decay rate 
of the NSP ~2. The right hand side ofeq. (16) strongly 
depends on the NSP mass and especially when the 
NSP mass is small, a severe upper bound on the grav- 
itino mass is obtained. The bound we obtained is 
m3/2~<3.4 GeV (9.3 GeV, 288.5 GeV, 771.5 GeV) 
for mNsP= 50 GeV ( 100 GeV, 500 GeV, 1 TeV) and 
the dotted region in fig. 1 is excluded. Note that if the 
reheating temperature is sufficiently small compared 
to the NSP mass, the NSP is not produced signifi- 

*~ It is plausible that this bound is also valid when a slepton or a 
chargino is the lightest. 

,2 If the bino is the NSP, it decays to gravitino+photon or to 
gravi t ino+Z °. But when the bino is lighter than the Z °, the 
latter decay channel is forbidden kinematically and the decay 
rate of the bino is sin20w~ 0.234 times smaller than the value 
of eq. (5a). For the case mNsp = 50 GeV, we have considered 
this effect. 
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Y3/2 =
n3/2

s
⇡ TRH

MPl
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Why Dark Colors?
• 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 

resonances.  Dark QCD provides that.
• asymmetric dark matter
• need to shed symmetric component.  

Easy for Dark QCD.
• Also hierarchy problem, baryon asymmetry



QCD
• non-abelian gauge theory

• no fine-tuning

• confinement

• chiral symmetry breaking

• pions=NGBs

• anomaly & instanton

• mesons, baryons, exotics

• jets

• deep non-pert. theory

• rich phenomenology

L =  ̄i�µ(@µ � ieAµ) �m ̄ � 1

2
TrFµ⌫F

µ⌫
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DDO 154 dwarf galaxy
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Stars

Gas

0 2 4 6 8
0

10

20

30

40

50

60

Radius (kpc)

V
ci
r
(k
m
/s
)

����

Core

0.1 0.5 1 5 10

106

107

108

109

Radius (kpc)
D
ar
k
M
at
te
rD
en
si
ty

(M
⊙
/k
pc
3
)

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].

14

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

4

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

3

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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Strongly Interacting
Massive Particles

(SIMP)



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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Eric Kuflik



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



LAGRANGIANS
QCD

�1

2
mQ J ijqiqj + h.c.Lquark = �1

4
F a
µ⌫F

µ⌫a + q̄ii 6Dqi

Lpion =
1

4
Tr@µ⇡@

µ⇡�
m2

⇡

4
Tr⇡2 +

m2
⇡

12f2
⇡

Tr⇡4
�

1

6f2
⇡

Tr
�
⇡2@µ⇡@µ⇡ � ⇡@µ⇡⇡@µ⇡

�

+
2Nc

15⇡2f5
⇡

✏µ⌫⇢�Tr [⇡@µ⇡@⌫⇡@⇢⇡@�⇡] +O(⇡6)

Pions

�1

2
mQµ

3TrJ⌃+ h.c.�
iNc

240⇡2

Z
Tr(⌃†d⌃)5LSigma =

f2
⇡

16
Tr@µ⌃ @µ⌃†

Chiral Lagrangian

E. Witten / Global aspects of current algebra 
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Fig. 1. A particle orbit 3' on the two-sphere (part (a)) bounds the discs D (part (b)) and D' (part (c)). 
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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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Resonant scattering
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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)

Robert McGehee, HM, Yu-Dai Tsai, to appear

m(�)� 2m(K0)

m(�)
= 0.024,

m(D+⇤)�m(D0)�m(⇡+)

m(D+⇤)
= 0.00051,

m(Bs1)�m(B⇤)�m(K0)

m(Bs1)
= 0.0011,

m(⌥(4S))� 2m(B0)

m(⌥(4S))
= 0.0019.
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m(8Be)�m(↵)

m(8Be)
= 0.000012,

m(12C)�m(8Be)�m(↵)

m(12C)
= 0.000026,

m(D+⇤)�m(D0)�m(⇡+)

m(D+⇤)
= 0.00051.
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mV (QQ̄) = 2mPS(Qq̄)
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It’s P-wave!

• typically light dark 
matter with thermal 
freeze out is excluded by 
CMB

• Exception: P-wave 
annihilation

4

IV. RESULTS

We will now present conservative constraints on the
DM models by requiring that their emission is below the
maximum allowed by the INTEGRAL data. We note
that the INTEGRAL error budget is not Poissonian, but
is dominated by the fitting procedure, which simulta-
neously removes point sources and an isotropic extra-
Galactic background. Likewise, errors between di↵erent
energy bins are likely correlated. Therefore, we will take
the limits stated in Ref. [5] to be 68% C.L. intervals,
since multiplying the error-bars by a factor of two, as
was done in Ref. [6], does not guarantee obtaining the
flux at 95% C.L. We will obtain our limits by requir-
ing that the emission from each DM candidate is smaller
than the 68% C.L. upper limit from INTEGRAL.

FIG. 2 : Constraints on the lifetime of decaying DM, ⌧ ,
assuming decay to two photons, as a function of its mass m�.
The orange and blue shaded regions are constrained by X-ray
and gamma-ray data from COMPTEL [6], and NuSTAR [75].
Our conservative re-analysis of INTEGRAL data yields the
68% C.L. constraints shaded in black, to be compared with
the previous result from Ref. [6] as the dashed gray line. The
kinks in our limit (as well as those presented in Fig. 4) reflect
the energy binning in the INTEGRAL data.

A. Particle Dark Matter

We begin by revisiting the INTEGRAL constraints on
decaying and annihilating particle DM from Ref. [6].

We show our constraint for decaying DM on Fig. 2,
along with the previous result of Ref. [6]. Our robust
analysis weakens the INTEGRAL constraints by nearly
an order of magnitude. That is partially because not
every photon is included in the data used in Ref. [6],
as well as due to the loss of energy resolution (which
would significantly help in this case). Moreover, we do
not include extra-Galactic photons from decaying DM,
as those are not accounted for in the INTEGRAL/SPI

data set that we use, which narrows the mass range that
can be constrained. We can probe DM masses m� 2
[0.054 � 3.6] MeV, over which our constraint, in Fig. 2,
can be approximated by ⌧ & 1027 s⇥(m�/MeV)�1. Even
when accounting for the weakening of the INTEGRAL
limits, these are still three orders of magnitude stronger
than those obtained from the CMB [67].
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FIG. 3 : Limits for annihilation of DM to electron-positron
pairs plus FSR from INTEGRAL (68% C.L., in black), com-
pared to the limits from CMB s- (purple solid) and p-wave
(blue and green, dashed) [76]. The CMB results are re-scaled
by a factor of (v�/v0)

2 for p-wave annihilation, assuming two
values of kinetic decoupling xkd = Tkd/m� for the DM. We
also show the value of the thermal-relic (for s-wave annihila-
tion) cross-section that would produce the correct DM abun-
dance as a brown dotted line, and the limits from positron flux
with Voyager 1 in red [77] (assuming their B di↵usion model).
We show the previous result from Ref. [6] in long-dashed grey,
which is in good agreement to our approach, and note that
there are additional constraints from COMPTEL gamma-ray
data, which improve upon INTEGRAL at high masses.

We now study the case of annihilating dark matter.
Following Ref. [6], we find constraints on DM annihilat-
ing to electron-positron pairs, plus FSR, with the spec-
trum given by Eq. (5). Our Galactic limits from INTE-
GRAL are shown in Fig. 3, along with the cross-section
required to obtain the correct DM abundance as a ther-
mal relic [78]. Our result is comparable to that of Ref. [6],
as the loss of energy resolution is not very significant for
the broad spectrum of this annihilation channel. Only
for DM masses above m� & 30 MeV is the thermal-relic
line below our INTEGRAL constraints.

In order to compare with CMB limits, we multiply the
thermally averaged annihilation cross-section by a factor
of (v�/v0)� , where v0 = 220 km s�1 is the DM velocity in
the MW halo and � = {0, 2} for s- and p-wave annihila-
tion, respectively. For the INTEGRAL result we simply
take v� = v0 (although p-wave J factors can change by

Ranjan Laha, Julian B. Muñoz, and Tracy R. Slatyer
arXiv:2004.00627



simple example

• dark QCD with u+1, s0

•

Robert McGehee, HM, Yu-Dai Tsai, to appear



Unified description
of SIDM

• Hans Bethe (1949): 
effective range theory

• only two parameters to 
describe scattering at 
low velocities

• fully unitary and non-
perturbative

• ideal for simulations!
• can include     

continuum + resonance
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communication

• 3 to 2 annihilation

• excess entropy must 
be transferred to e±, γ

• need communication 
at some level

• leads to experimental 
signal
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DM

DM

DM

DM

DM

SM

DM

SMentropy



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)	



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.

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

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

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

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 =
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The meson mass splittings are given by ⇠
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that all 15 of them co-annihilate at the freeze-out tem-
perature Tf = m⇡/xf ⇡ m⇡/15, since e��xf/2 = O(1).
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course raised by a factor of f/v & 3.
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we denote particles in the twin sector with a prime on the
corresponding SM particles, except for the twin mesons,
further defined below.)
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order the GeV-scale, only four light twin quarks, the twin
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The global SU(2)f invariance dictates mu0 = mc0 ,
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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
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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.
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Matters Genesis
Eleanor Hall, Thomas Konstandin, Robert McGehee, HM,


 Géraldine Servant, arXiv:1910.08068, 1911.12342



Electroweak Baryogenesis 
Cohen, Kaplan, Nelson

• First-order phase transition

• Different reflection probabilities 

for tL, tR

• asymmetry in top quark

• Left-handed top quark 

asymmetry partially converted 
to lepton asymmetry via 
anomaly


• Remaining top quark 
asymmetry becomes baryon 
asymmetry


• need varying CP phase inside 
the bubble wall (G. Servant)


• fixed KM phase doesn’t help

• need CPV in Higgs sector

• but ACME limit on EDM

v≠0

v=0

v≠0

v=0
tLtRv≠0

v=0

tL<tL, tR>tR
tL+tR=tL+tR

– –
– –

tLtRv≠0

v=0

tL<tL, tR>tR
tL+tR>tL+tR

– –
– –

tLtR L

tL



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

Eleanor Hall, Thomas Konstandin, Robert McGehee, HM + Géraldine Servant
arXiv:1911.12342



Bdark Ldark
I

Bdark
LSM

BSM

Ldark
II

Bdark LSM

BSM
III

If MN>Tsphaleron BSM =
36

133
Bdark, LSM = � 97

133
Bdark

<latexit sha1_base64="XDEoInSOo6qqGUAbEJs0Zc2rlnc="></latexit>

mn'=1.58 GeV

If MN<Tsphaleron BSM =
12

37
Bdark, LSM = �25

37
Bdark
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mn’=1.33 GeV



some history
• asymmetric dark matter (why Ωb/ΩDM≈O(1)?)


• S. Nussinov, PLB 165, 55 (1985) “technocosmology”


• R. Kitano, HM, M. Ratz, arXiv:0807.4313, moduli decay


• D.E. Kaplan, M. Luty, K. Zurek, arXiv:0901.4117


• darkogenesis (= “EW baryogenesis” in the dark sector)


• J. Shelton, K. Zurek, arXiv:1008.1997



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

L = y
0
L̄
0
H⌫R + yiL̄iH⌫R

<latexit sha1_base64="aRxI4rCO/i7lkMfu+qHDkIE+NPQ="></latexit>

M⌫ =
p
(y0)2 + (yi)2v

<latexit sha1_base64="xASJw2hOr0ISHbBGn+0H5QpHwr0=">AAACAHicdVDLSgMxAMzWV11fVY9eokWsCGV3W1t7EIpevAgV7APaumTTtA3NPkyyhWXpxYu/4kXEi4Jf4C/4N6YPDxUdCAwzE5IZJ2BUSMP40hILi0vLK8lVfW19Y3Mrtb1TE37IMalin/m84SBBGPVIVVLJSCPgBLkOI3VncDn260PCBfW9WxkFpO2inke7FCOpJDu1f223vFA/hy1xz2WciY6O7yx4AjORTRUbwaGdShtZM2fm8qfQyJZKpUKxqIhh5QpWHppZY4I0mKFipz5bHR+HLvEkZkiIpmkEsh0jLilmZKS3QkEChAeoR+JJgRE8VFIHdn2ujifhRJ3LIVeIyHVU0kWyL357Y/EvrxnK7lk7pl4QSuLh6UPdkEHpw/EasEM5wZJFiiDMqfohxH3EEZZqM11V/+kH/yc1S82TtW7y6fLFbIQk2AMHIANMUARlcAUqoAoweATP4A28aw/ak/aivU6jCW12ZxfMQfv4Bj3glAk=</latexit>

✏i =
yip

(y0)2 + (yi)2
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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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14. T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74;

T. Sjöstrand and M. Bengtsson, Comp. Phys. Comm. 46 (1987) 43
15. DELSIM Reference Manual. DELPHI note 89-68 PROG 143, Sep.

1989 (unpublished)
16. BABAMC: F. A. Berends, W. Hollok and R. Kleiss. Nucl. Phys. B304

(1988) 7112;
DYMU3: J. E. Campagne and R. Zitoun, Z. Phys. C43 (1989), and
Proc. of the Brighton Workshop on Radiative Corrections, Sussex, July
1989;
KORALZ: S. Jadach et al, Comp. Phys. Comm. 79 (194) 503;
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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.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET
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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
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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, etc
• Dark spectroscopy
• resonant self-interaction in dwarf galaxies
• rare Z and Higgs decays
• gravitational wave
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